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Summary
Total hip arthroplasty is the most common surgical procedure performed in the orthopaedic
field, and it is considered the cornerstone in the treatment of osteoarthritis in the hip
joint. It has been estimated that between 0.5-1% of the population in most Western Coun-
tries requires a total hip arthroplasty at some point in their life. The weakening of the
natural stabilizers in the hip joint during the surgery, makes the patients susceptible to
dislocation, in the first 3-6 months after the surgery. Studies show that approximately 3-
5% of patients experience a dislocation at some stage. The factors predisposing for early
dislocation have not been completely established, making it difficult to take successful
preventative measures. The objective of this PhD thesis was to design an implantable,
biodegradable device to guard against these dislocations.
The hip dislocation preventer should allow for easy adaptation, and mounting onto most
types of hip implants, without changing the basic design of the present implant. The
objective is to have a structure, which will put a restrain on the artificial hip implant as
it moves into the extreme positions associated with dislocation, without further affecting
the normal movement relative to the hip implant. Therefore, the stress strain profile of the
device, would have to include an initial strain region, where the stress remain low, after
which the stress should increase rapidly as the devise locks, preventing the dislocation.
To achieve this, the design of the hip dislocation preventer should be a cone shaped mesh,
encapsulating the hip implant.
Using the the basic geometry of the hip implant, a simple model was developed, describ-
ing the most common movement pattern associated with hip dislocation. The require-
ments concerning the initial strain region, was determined from the model. The analysis
was done using two different attachment solutions, and two different locking scenarios.
The results showed, that the initial strain region of the hip dislocation preventer would
have to be at least 30%, and that the mesh should be able to withstand loads between
1700 N and 5000 N. Furthermore, the analysis show, that if the devise is designed to al-
lowing the hip some degree of subluxation, the range of movement of the hip would be
increased by approximately 15-19◦, relative to the solution without subluxation. How-
ever, this also increases the requirements of the initial strain region by 8-13%. The con-
clusion to the requirement analysis, was that both attachment solutions proposed in the
project, are possible in theory, depending on the distance of the mounting point on the
modified acetabular cup.
The hip dislocation preventer should work as a restrictive force during the first 3-6 months,
when the joint is most vulnerable to dislocations. After this period, it should slowly de-
grade, enabling the joint to become stronger. From the results found in the literature,
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poly-L-lactic acid (L-PLA) was chosen as a suitable material. In order to characterize the
material, L-PLA yarns were degraded in phosphate buffered saline for 6 months. Each
month, a set of test consisting of, uniaxial tensile tests, at two different deformation rates,
stress relaxation tests, and creep tests were performed. The uniaxial tensile test generally
show very little change in the elastic modulus, yield stress, and mean strain at break,
during the first 5 to 6 months. A significant drop in the elastic modulus was observed
between month 5 and 6 at both loading rates, which corresponds well with the degrada-
tion period of L-PLA. A larger number of experiments, and a longer degradation period
is required, in order to determine if the small fluctuations in the properties, is a general
property of the material. The stress at break was found to gradually decrease during the
6 months, and the deformations rate was found to have a significant effect on the yield
stress and the stress at break, but not on the elastic modulus and strain at break. Both
the stress relaxation, and the creep test show that there is a change in the material in the
initial degradation period, and the results could indicate, that the material experiences
less relaxation and creep, a month after the in vitro degradation period. However, there
is a large variance in the data, and more tests are needed to determine if this observa-
tion is correct. The overall conclusion of the material tests of the L-PLA yarns is, that the
six month degradation in vitro, did not effect the tensile properties in a way that would
significantly effect their functionality. The L-PLA yarns would therefore maintain their
integrity during the critical period, where the hip dislocation preventer should be func-
tional.
The tensile properties of the L-PLA yarns were used to analyse, how a plain weave mesh
would behave during different types of elongations. A model proposed by Kawabate et al
in 1973 was modified, and used to analyse the problem, using different weave densities.
Comparing the results found using the model, with the limits found during the strain
analysis, showed that in order to maintain the full range of motion of the hip, the weave
would have to be oriented in a 45◦ angle to the direction of deformation. From the model
the initial strain region was predicted to lie between 35-40%, and the tensile force that
the fabric can withstand, without going into plastic deformation was between 2000-5000
N. From the analysis and the material tests it was found that using a plain weaved L-
PLA mesh, the strength and flexibility needed of the hip dislocation preventer would be
attainable.
Resumé
En fuldstændig hofte artroplastik er en af de mest udbredte ortopædkirurgiske opera-
tioner, og det er den væsentligste behandling imod fremtræden slidgigt i hofteleddet.
Det er blevet estimeret at mellem 0.5-1% af befolkningen i den vestlige verden, skal have
foretaget en hofte artroplastik i løbet af deres liv. Under operationen svækkes hoftens
naturlige stabilisatorer, hvilket gør patienten sårbar overfor dislokation i løbet af de første
3-6 måneder. Studier har vist, at ca 3-5% af patienterne oplever en dislokation på et eller
andet tidspunkt. Det er endnu ikke fuldstændig klarlagt, hvilke faktorer der disponerer
nogle patienter overfor dislokation, hvilket gør det svært at tage præventative tiltag til
at undgå det. Formålet med denne Phd var at designe et implanterbart, bionedbrydeligt
implantat, der kan modvirke dislokation i de første 3-6 måneder.
Implantatet skal være let at implantere og skal kunne fastgøres på de fleste hofteimplan-
tater, uden at det ændrer det tilstedeværende design af hofteimplantatet. Formålet er at
have en struktur der putter en begrænsning på det nuværende hofteimplantat når det
bevæger sig ud i de ekstreme positioner, der er associeret med dislokation. Samtidig må
det ikke begrænse hoftens bevægelse, mere end hvad det nuværende hofteimplantat gør.
Dette betyder, at belastning tøjnings profilen for for implantatet skal have et tøjningsom-
råde i begyndelsen, hvor belastningen forbliver lav selvom tøjningen stiger. Når hoften
bevæger sig ud i ekstreme positioner, skal belastningen stige drastisk og låse, hvorved
dislokation forhindres. For at opnå dette skal implantatet være et kegleformet net, der
omkranser hofteimplantatet.
Ud fra det nuværende hofteimplantats geometri blev der udviklet en simpel model,
der kan beskrive den mest almindelige bevægelse associeret med dislokation. Ud fra
denne model kunne tøjnings- og belastningskravene beregnes for de forskellige design-
muligheder. Analysen blev lavet ved at se på to forskellige implanteringsmuligheder og
to forskellige låsescenarioer. Resultaterne fra modellen viste, at det initiale tøjningsom-
råde skulle være mindst 30%, og at nettet skulle kunne modstå belastninger på mellem
1700 N og 5000 N. Desuden viste analysen, at begge implanteringmuligheder og lås-
escenarioer ville være mulige set ud fra et teoretisk standpunkt. Valget er afhængigt af
afstanden fra acetabular koppen, til det sted på hofteskålen hvor nettet blev implanteret.
Implantatet skal være virksomt under de første 3-6 måneder, imens leddet er mest sår-
bart overfor dislokation, og derefter skal det langsomt nedbrydes således, at leddet kan
blive stærkere. Ud fra de resultater der blev fundet i litteraturen blev det besluttet, at
poly-L- lactic acid ville være et egnet materiale. For at karakterisere materialet, i forhold
til dets funktion, blev det nedbrudt i fosfat bufferet saltvand i 6 måneder. Hver måned
blev der kørt en række test, der bestod af uniaksielle træktest ved to forskellige deforma-
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tionshastigheder, stress/belastning relaksationstests og krybe (creep) tests. Resultaterne
fra de uniaksielle trækprøver viste, at der var meget lidt forskel på det elastiske modu-
lus, yield stress, og gennemsnitlig tøjning ved brud under de første 5 til 6 måneder. Der
blev dog set et signifikant fald i elastisk modulus imellem 5. og 6. måned for begge tøjn-
ingshastigheder, hvilket stemmer godt overens med nedbrydningsprofilen for L-PLA.
Der blev desuden set et gradvis fald i belastningen ved brud, hen over de 6 måneder,
for begge tøjningshastigheder. Tøjningshastigheden i sig selv, blev desuden, fundet sig-
nifikant i forhold til alle faktorer undtagen den gennemsnitlige tøjning ved brud. Både
stress relaksations testene og krybetestene viste, at der er en ændring i de viskoelastiske
egenskaber i de første par måneder. Dette kunne indikere, at materialet udviser mindre
relaxation og krybning efter en måned i fosfat bufferet saltvand. Det er dog svært at drage
endegyldige konklusioner ang dette, da der er stor variation i data, og for få datapunkter
at gøre godt med. Dette taget i betragtning blev det generelt fundet, at de 5-6 måneder i
fosfat bufferet saltvand, ikke havde en nævneværdig effekt på de viskoelastiske egensk-
aber, og at L-PLA trådene derfor vil bibeholde deres integritet, igennem hele den kritiske
periode hvor implantatet skal være funktionelt.
L-PLA trådenes materialeegenskaber blev brugt, til at analysere hvordan et vævet net
ville opføre sig under forskellige typer deformation. Analysen blev lavet ved at bruge
en allerede eksisterende model, og så modificere denne til projektets problemstilling. Re-
sultaterne fra modellen sammenlignet med de grænseværdier der blev fundet i tøjnings-
analysen, viste at hvis man skulle opretholde hoftens normale bevægelighed, så skulle
nettet orienteres i en 45◦ vinkel i forhold til deformationsretningen. Den initielle tøjn-
ingsregion blev beregnet til at ligge imellem 35-40%, og det blev fundet at stoffet kunne
modstå en belastning på mellem 2000 og 5000 N og stadig være i den elastiske region. Ud
fra analysen of materialetestene blev det fundet, at hvis man bruger et simpelt vævet net
i L-PLA, ville man kunne opnår den styrke og fleksibilitet, der er nødvendig i forhold til
et implantat der kan modvirke dislokation.
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Introduction
1.1 Motivation
Early dislocation is a very common complication after total hip arthroplasty. In most
Western countries between 0.5 and 1% of the population will require hip joint replace-
ment surgery at some point, and of these approximately 3-5% will experience dislocation
of the artificial hip during the approximately six month healing period following surgery
[68, 63, 82, 81]. Dislocations happen when the hip moves beyond some critical level, as
can occur, e.g., when exiting a car seat, [60, 65]. There are several factors that are believed
to predisposing for early dislocation, but at this time it is not possible to make a general
prediction concerning which patients will be at risk of dislocation. The current standard
of care is to instruct a patient to avoid such movements, or in certain cases to equip the
high risk patient with an external hip dislocation brace. The fact that early dislocations
are still a common dislocation show that this treatment strategy is not effective enough,
and a better solution is needed. The design proposed in this thesis is a half or whole cone
mesh where the base is attached with biodegradable staples around the modified acetab-
ular cup or directly onto the polyethylene part of the implant. The truncated tip should
be either attached to a biodegradable ring placed around the stem at the intersection be-
tween the modified femoral stem and the ball of the stem, or stabled into the modified
femur around the stem.
1.2 Objectives
The objective of this study was to investigate the option of an implantable, biocompatible,
biodegradable device to guard against early dislocations.
• Investigate the requirements for and possible solutions to an implantable hip dislo-
cation preventer
• Determine the material properties of biodegradable polymers as they relate to the
function of the hip dislocation preventer
2 1.3. SCOPE AND LIMITATIONS
Thereby, beyond the general objective of finding a different solution to the early dislo-
cation after THA, the aim of the thesis is to get an understanding of the behaviour of
biodegradable polymers, and the biomechanics of the hip implant.
1.3 Scope and limitations
The work conducted in this thesis is of both an experimental and theoretical nature, and
can be divided into:
• Formulation of an analytical model to determine the strain and force requirements
of the hip dislocation preventer
• Material characterization of biodegradable poly lactic acid yarns
• Modification and further development of a model describing the material proper-
ties of a plain weave model
1.3.1 Experimental work
As mentioned earlier, the majority of dislocations happen during the first six months, it
would therefore be beneficial to use a biodegradable material for the device. This would
ensure that the hip dislocation preventer would provide the needed stability during the
healing phase, and gradually degrade as the natural stabilizers in the hip joint become
stronger. Since the hip dislocation preventer should be implanted into the joint, the mate-
rial should be one where the general material structure is already thoroughly tested and
approved for biomedical use. If the material is to be used in a plain weave mesh, the most
important material characteristics with regards to the function of the implant would be
the stiffness, yield stress, and degradation time, and the viscoelastic properties. L-PLA
yarns were degraded in vitro in phosphate buffered saline for a period of 6 months. Uni-
axial tensile tests, stress relaxation tests, and creep tests were performed each month to
determine the effect of degradation.
1.3.2 Modeling Work
Over the large range of motion associated with normal hip movement, the device should
be highly compliant showing very little increase in stress as the material is stretched.
When reaching the extreme positions associated with dislocation, the device should en-
gage with increased resistance, resulting in a more pronounced increase in stress com-
pared to strain. Beyond the critical point, the device should become stiff and simultane-
ously hold the hip implant in place thereby preventing a full dislocation. An analytical
model was developed to determine the length of the initial strain region where the stress
should remain low, and to determine the maximum load that the implant should be able
to withstand.
In order for the implant to meet the load and strain requirements, the focus of the design
structure was a plain weave mesh. The idea is that the mesh will introduce the required
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initial strain region, and enforce the original material characteristics of the device. The
stress versus strain characteristics of a plain weave mesh, during different types of elon-
gation, was investigated using a model proposed by Kawabata et al [KawMod]. The
model was modified to fit the data found in the material analysis, and to account for
the implant environment. It was used to determine the response of the plain weave to
different types of deformation relating to the implant function.
1.4 Outline of thesis
The thesis consists of 7 chapters that deals with different aspects of the analysis of the hip
dislocation preventer.
Chapter 2 is a review of the literature concerning dislocations which provides a back-
ground into the procedure, the general factors that are believed to affect the dislocation
rate, and the current preventative strategies.
Chapter 3 is an analysis of the strain and force requirement of the hip dislocation pre-
venter. A simple geometrical model is developed and used to investigate the different
attachment solutions proposed. The results from the analysis are used as limits in the
analysis of the potential of a plain weave mesh as the fabric structure in the device.
Chapter 4 provides the general background on the most common biodegradable poly-
mers used in the medical field along with their general material properties and the biome-
chanical background needed to analyse them. This section is used to determine which
polymer to test further in order to evaluate it for the device.
Chapter 5 is the experimental characterization of biodegradable Poly-L-lactic acid poly-
mer yarns. The general test setup is explained along with the results of the uniaxial tensile
tests, the stress relaxation tests, and the creep tests. The results and limitations of the tests
are discussed, and related to the desired application.
Chapter 6 gives a short introduction the development of the plain weave model. The
model proposed by Kawabata et al is presented along with the modifications made. The
modified model is used to determine of the hip dislocation implant would be theoreti-
cally possible using a plain weave mesh and a L-PLA model.
Chapter 7 summarizes the thesis and the most important results.
4 1.4. OUTLINE OF THESIS
Chapter2
General Background
2.1 Anatomy
The hip joint is a synovial, ball-and-socket joint comprised of the articulating surfaces
between the rounded head of the femur (Thigh Bone), and the concave acetabulum (Hip
socket) of the pelvis. The primary function of the hip joint, is to support the weight of
the body, and stabilize it, by providing balance during standing and walking. The weight
bearing capacity of the hip joint, subjects the joint to some of the largest forces experi-
enced by any joint in the body [15, 11]. The large forces combined with the high mobility,
require a large degree of stability within the joint. The femural head is largely contained
by the acetabulum providing a very stable osseous structure, see Figure 2.1. The cup-
like shape of the acetabulum, comes from the union of the three pelvis bones - the ilium,
pubis, and ischium. The structure is further supported by the acetabular labrum, which
is a ring of cartilage surrounding the acetabulum, see Figure 2.2. Both joint surfaces are
covered in articular hyaline cartilage, which help absorb the loads generated during nor-
mal activities, as well as lubricate the joint to ensure minimal friction between the two
surfaces [15, 11].
FIGURE 2.1: The hip joint [77].
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2.1.1 Stabilizers
The osseous structure of the hip joint provides great stability, which is further enhanced
by strong ligaments and muscles. The femur and the acetabulum is joined by three ex-
tracapsular ligaments: the iliofemoral, ischiofemoral, and pubofemoral ligaments. These
ligaments creates a thick band (hip capsule) surrounding the entire joint, and help pre-
venting excessive movements that might compromise the stability of the joint, see Figure
2.2. The two bones are further secured by an intracapsular ligament, the ligamentum
teres, which joins the top of the femur head to the inside of the acetabulum. This lig-
ament is not very important as a ligament, since the rest of the ligaments in the joint
are much stronger and more dominating. Nevertheless, it provides resistance against ex-
treme movements, thereby preventing dislocation when extreme positions have already
been reached. Last but not least a small ligament ring, the labrum, is found around the
neck of the femur head, which helps maintaining contact in the joint [15, 11].
(A) (B)
FIGURE 2.2: The ligaments of the hip. A) The iliofemoral, is-
chiofemoral, and pubofemoral ligaments B) ligamentum teres [48].
The muscles surrounding the hip joint can be divided into four groups depending on
their orientation around the hip joint: the gluteal group, the lateral rotator group, the
adductor group, and the iliopsoas group. The gluteal group consists of gluteus maximus,
gluteus medius, gluteus minimus, and tensor fasciae latae. The externus and internus
obturators, the piriformis, the superior and inferior gemelli, and the quadratus femoris
make up the the lateral rotator group. The adductor brevis, adductor longus, adductor
magnus, pectineus, and gracilis is categorized as the lateral rotator group consists. And
the iliacus and psoas major make up the iliopsoas group [15, 11].
2.1.2 Movements
The hip joint is one of the most movable joints in the human body. The range of motion in
the normal healthy hip joint include 0-120◦ flexion (anteversion), 0-30◦ extension (retro-
version), 0-45◦ abduction, 0-30◦ adduction, and rotation (0-60◦ external (lateral) and 0-40◦
internal (medial)), see Figure 2.3 [11].
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FIGURE 2.3: The movements of the hip joint. A) Flexion B) Extension
C) Abduction D) Adduction C) Rotation.
The five movement types are induced, and held in check by the different stabilizers in
the joint, along with the muscles of the thigh. The hip muscles responsible for flexion of
the hip, are tensor fasciae latae, piriformis, and the iliopsoas group. Of the five different
movements, flexion is the only movement not limited by ligaments, but by tension in
the hamstring, bone structure, and soft tissue [11]. Extension is carried out by gluteus
maximus and the hamstrings, and limited by the stretching of the iliofemoral ligament
at approximately 30◦. The gluteus group is the hip muscles that contribute to abduction
and adduction. Furthermore, abduction and adduction are both mostly limited by the
pubofemoral ligament, but the iliofemoral ligament contributes to the control as well.
The pubofemoral ligament also limits inwards rotation, with help from the lateral rotator
muscle group, especially the piriformis muscle. Excessive outwards rotation, on the other
hand, is limited by the iliofemoral ligament. Both types of rotation are also controlled by
contribution from the gluteus group and the iliopsoas group [15, 11].
2.2 Total Hip Arthroplasty
2.2.1 Reasons for Total Hip Arthroplasty
Since the hip joint is subjected to some of the largest forces in the human body, it is also
very susceptible to injuries, and degenerative diseases. Total hip arthroplasty is the most
common surgical procedure performed to relieve pain from osteoarthritis, dysplasia of
the hip, Paget’s disease, trauma, osteonecrosis of the femoral head, rheumatic arthritis,
and other collagen diseases, some of which predispose to the development of secondary
osteoarthritis [93]. Of the aforementioned, osteoarthritis is by far the most common rea-
son for undergoing THA, and it is generally one of the most common causes of pain and
disability in the adult population [68]. The disease can effect any joint in the body, but is
most common in the major weight bearing joints, making the hip joint very susceptible,
only prevalently exceeded by the knee joint [27]. Approximately 15% of the population
over 65 years of age are affected by osteoarthritis in the hip joint [68]. During a THA, the
diseased hip joint is replaced by an artificial joint consisting of two seperate components:
a femur component and a acetabular component. THA is considered the cornerstone in
the treatment of osteoarthitis in the hip joint, and has been proven very effective in the
management of pain, loss of mobility, and general improvement in the quality of life. It
has been estimated that 70% of all THAs are done to treat osteoarthritis, and that approx-
imately 90% of patients achieve complete pain relief, and improvement of joint function
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[1, 55, 52, 68, 93, 19].
2.2.2 Incidence of total hip arthroplasty
Merx et al [68] used data collected from the literature, different data sources of national
authorities, and estimates from leading hip replacement manufactures, to calculate a
crude annual primary THA rate. Their investigation found, that depending on the coun-
try between 0.06% and 0.2% of the population, underwent THA each year in the late
1990s. Some of the most conclusive data regarding the incidence of THA, are obtained
from the Nordic countries. In Denmark, Finland, Iceland, Norway, and Sweden popula-
tion based data concerning THA are available based on national registries, with very little
loss to registration and follow up [63]. Lohmander et al [63] showed that in the Nordic
countries, the annual incidence per 100,000 over a five year period (1996-2000) varied be-
tween 73 and 90 (0.073-0.09%). Ibrahim et al [41] made a similar study, using data from
a regional registry in the United Kingdom from 1991 to 2004. They found a mean rate of
118 procedures per 100,000 persons per year during the 14 year time period. The number
of THAs seem to vary considerably from country to country [68, 82] and a study made
by Fatima de Pina et al [82] using data from national arthroplasty registers from 26 coun-
tries, found a significantly higher incidence of THA in Finland, Belgium, Luxembourg,
Germany, Switzerland, Austria, and Finland which they attributed to a higher Gross Do-
mestic Product and Human Development Index. They believe that the difference can be
attributed to differences in health priorities, and not in a higher overall risk. Since arthro-
plasties are surgeries, that help reduce pain and improve quality of life, but are not life
saving, less wealthy countries might have different priorities than wealthy ones [82]. The
study did not include data from the United States, as a specific joint registry does not ex-
ist in the United States [58], but the numbers reported corresponds well to the numbers
found by Merx et al, who used Medicare claims data for the United States [68]. Finding
a representative THA rate is difficult. Only a few countries have national joint registries,
so the numbers reported are a crude estimation, and probably on the low side. Sweden
was the first country to create a national arthroplasty register in 1975, several countries
have later created similar registries [82]. This will make it easier, to estimate how many
has undergone THA, and use these numbers to make more accurate predictions concern-
ing the future of THAs. Furthermore, comparing the incidence rate between countries,
can be difficult due to the large difference in health care organization and financing. An
increasing rate of obesity among the population is resulting in higher rates of OA, which
combined with an increase in the life expectancy, has resulted in a steady increase in both
primary and revision THA surgeries over the last decade. It has therefore, been estimated
that there will be an increase in revision arthroplasties of 137% over the next 25 years in
the US alone [94, 82]. The expected increase, and the current popularity of THA, makes
it an area under constant improvement and development, but there are still severe com-
plications associated with the surgery.
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2.2.3 The Procedure
During a THA the head and proximal neck of the femur is excised, and the acetabular
cartilage and subchondral bone is removed. The proximal medullary region of the femur
is eroded, for the stem of the artificial hip to fit in. Both components are secured firmly
to the bone, either by the use of polymethylmethacrylate (PMMA) cement, or by bony
ingrowth into a porous coating on the implant, see Figure 2.4.
FIGURE 2.4: Example of a total hip arthroplasty. 1) Excission of dis-
eased hip joint. 2-3) Insertion of hip implant. 4) Final structure [30].
2.2.4 Components of the Hip Implant
In the 1960s Sir John Charnley developed the low friction arthroplasty. This prosthesis,
has since then been the most commonly used implant in THAs, with a 25 year survival
rate of 85%, which remains unsurpassed [93, 17, 23, 70]. The studies show, that the im-
plant has a 10 year survival rate of approximately 95%, which is important considering
the advanced age, and subsequent shorter life expectancy, of most THA patients [99, 23].
The implant consists of an acetabular cup, joined with a femoral stem with a small cir-
cular head, see Figure 2.5. The prosthesis is designed to resemble the natural hip-joint,
make the motion as frictionless as possible, and minimize the boundary stresses between
bone and implant, while still maintaining the normal range of motion [93].
FIGURE 2.5: Example of an unassembled total hip implant [97].
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The acetabular cup is made up of two parts: an inner polymer cup, designed to articulate
with the femoral component, and an outer shell fixed to the modified acetabulum. High-
density polyethylene was originally used in the inner cup, but in the past decade this has
been replaced by ultra high-molecular weight polyethylene (UHMWPE), due to a more
superior resistance to wear [93, 89]. The UHMWPE cup is fittet into a cobalt-chromium or
titanium liner, and mounted to the acetabulum using either cement, or a stable press-fit
which allows for osseous ingrowth [86, 66].
The femoral component is typically made of a titanium or cobalt-chromium alloy with
a cobalt-chromium or ceramic head [93, 86]. The cobalt-chromium designs have proven
very successful, since cobalt-chromium is the strongest, hardest, and most fatigue resis-
tant of the materials used in THA. Titanium is more biologically inert, and have mate-
rial characteristics that corresponds better to that of femoral cortical bone, and therefore
theoretically provides less stress shielding than the cobalt-chromium alloys [93, 86]. Un-
fortunately, titanium alloys are also very sensitive to geometrical factors such as notch
sensitivity, which reduces the effective strength, and makes the implant susceptible to
crack propagation [86]. Earlier models used a one piece femoral stem, but recently two
component femoral stems, where the modular head is separate, but fixed to the femoral
stem by interference fit, have become more popular [86]. This has made it possible to
choose different neck lengths and head components, which in turn provides a better and
more accurate adjustment of soft-tissue tension, and leg length [93].
Earlier designs used metal on metal contact between the stem and cup, but the high fric-
tion between the two metal surfaces, resulted in wear and loosening of the prosthesis
[93]. Research has shown, that wear debris remains the major factor limiting the survival
of joint implants, and therefore the research into even more resistant materials continues
[93, 2]. Ceramics such as Alumina (AL2O3) and Zirconia (ZrO2) have been used in the or-
thopaedic field for years. They have superior wear resistance compared to metal-metal or
metal-polymer bearing surfaces, and even though early attempts at using ceramics failed
due to various design flaws, the newer ceramic designs have improved considerably [26,
34, 16, 110]. A randomized and controlled study with a minimum of 10 years follow up,
showed no evidence of osteolysis in the alumina ceramic cohorts, and a very high sur-
vivorship of 99-100%, which corresponds well to the results found in other studies [26].
The high survivorship can be attributed to a much harder, more resistant surface, with
a lower coefficient of friction. This is achieved by using hot isostatic pressing to reduce
grain size, and limit inclusions [26, 34, 16, 110]. One of the major complaints concerning
ceramic-on-ceramic THAs, are noises such as: squeaking, clicking, popping, grinding,
and snapping [26, 34, 16, 110]. The incidence of squeaking has been reported to be as
high as 20%, and it is therefore, a very real concern for the patients receiving a ceramic-
on-ceramic implant [110]. Currently, there is no specific guideline as to which material to
use, and since the lifespan of the different materials is very similar, it is often a matter of
surgeon and hospital preference.
2.2.4.1 Fixation
Fixation using cement is often recommended in older individuals (>80 years of age), since
the chance of revision is minimal compared to younger individuals (<60 years of age)
CHAPTER 2. GENERAL BACKGROUND 11
[93, 86]. Approximately two-thirds of all primary THAs, performed in the United States
in 2003 were uncemented, but the choice of cemented versus uncemented fixation varies
widely from country to country [70]. It is however, difficult to draw too much from these
numbers, since cementing was introduced in the 1960s along with the Charnley prosthe-
sis, and this method has been the standard for a very long time compared to press fitting
[86]. The current research reveal better osteolysis, migration properties, and aseptic loos-
ening survival for the cementless sockets, but better wear and overall survival results for
the cemented socket [79]. Since the wear patterns of the actabular component are very
different from the femoral component, a hybrid method using cementless fixation of the
acetabular cup, and cemented fixation of the femoral component has been adopted by
many surgeons. Cementing the stem allows unrestricted weight bearing, and reduces the
incidence of low-grade thigh pain. A non-cemented acetabular cup avoids the complica-
tions regarding cement fragmentation and loosening [93].
2.2.4.2 Anaesthesia
The surgery can be performed under general or regional anaesthesia [93]. General anaes-
thesia affects the entire body, and is considered a medically induced coma with loss of
protective reflexes, whereas regional anaesthesia, such as spinal or epidural anaesthe-
sia, only affects parts of the body. The type of anaesthesia depends on the patient, but
spinal anaesthesia is the most commonly used method, allowing patients with medical
contraindications to general anaesthesia, to undergo the surgery [93, 25]. There are al-
ways risks associated with undergoing regional and general anaesthesia. Since most of
the patients requiring a THA, a resection, or a revision of a THA, are older, the risks are
even more paramount, and it is therefore important to improve the implants and surgical
approach in order to avoid resection or revision.
2.2.4.3 Surgical Approach
Overall there are four different surgical procedures used during THA. The hip joint can
be approached in several different ways, the two most common being from the back of
the hip (posterior approach) and from the front of the hip (anterior approach).
Posterior Approach
The posterior approach is the most commonly used approach, since it is technically sim-
pler than the other approaches. It gives excellent access to the acetabulum and femur,
preserves the hip abductors, and does not interfere with the abductor mechanism of the
hip [49, 67]. Unfortunately, the evidence points to an increase in posterior dislocations
using the posterior approach, see Table 2.6.
Anterior Approach
The anterior has a limited proximal femoral, and posterior acetabular exposure, therefore
requiring division of the anterior gluteus medius fibers, which can lead to postoperative
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abductor dysfunction. The advantage of this approach, is a reported low dislocation rate
[67].
Minimally Invasive Surgery
In addition to the conventional surgical approaches, THA can also be performed using
minimally invasive surgery (MIS), where the size of the incision is significantly smaller
than what is done during regular THA [21, 102, 59]. The idea behind MIS is that a smaller
incision will reduce soft-tissue dammage, blood loss, rehabilitation time, and hospital
stay. The largest shortcoming of MIS, is the fact that a small incision decreases the vis-
ibility in the wound, and therefore complicates the positioning of the implant [21, 102,
59]. MIS is a relatively new technique so the long term results are still lacking. The short
term result shows significantly less blood loss, but the clinical effect of this decrease is
still debatable [102]. Other studies show earlier mobility, shortened hospital stays, and
less pain using MIS, but found no difference between the two methods after discharge
from the hospital [102]. A shortened hospital stay, and earlier mobility is definitely a great
outcome, but studies have shown that this might also increase the rate of dislocation [21,
102, 59]. The studies investigating MIS are generally lacking in population size, and the
research into the dislocation rate concerning this method is scarce [21, 102, 59].
Since there are both positive and negative effects of the different surgical approaches,
fixation choices, and material choices, the method and implant decision often depends
on the surgeon, and the specific patients history.
2.2.5 Complications
Even though THA is a very common orthopaedic surgery, showing great results with
respect to the improvement of quality of life for the patient, there are still several compli-
cations associated with the procedure. Complications following THA can be categorized
into early complications, and late complications. Early complications er normally catego-
rized as those happening within the first 3-6 months after the surgery, whereas anything
happening after this, is categorized as a late complication [1, 108, 99, 29]. This project
deals with early dislocation, but the following contains a short review of other complica-
tions, both early and late, to create a better picture of the overall complications associated
with the procedure, and why it is so important to improve the current implant design.
2.2.5.1 Late Complications
Some of the most common late complications include: aseptic loosening, infection, and
heterotopic ossification [93]. The major cause of failure and revision of the THA is osteol-
ysis and asceptic loosening, which are often considered under one in the revision studies
[1, 108, 99, 29]. After a THA the general cyclic stresses experienced by the joint, can cause
wear debris to accumulate at the interface between the two bearing surfaces [2, 3]. When
the body tries to remove the wear debris, created at the interface between the two sur-
faces, the result is osteolysis [3]. Osteolysis is an autoimmune reaction where the bone
matrix is resorbed by osteoclasts, which in turn can cause asceptic loosening, where the
hip implant becomes loose within the bone [2, 1, 108, 99, 29]. A loose hip implant tends
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to be painful, and usually requires revision hip replacement. The general mechanisms
behind aseptic loosening is still not fully understood, but this type of failure normally
occur relatively long after the primary implantation [99].
The surgical technique and environment have changed considerably since the first THAs
were performed. This combined with the routine use of prophylactic antibiotics, have
resulted in a very low rate of deep infection. Infection rates after primary THA are ap-
proximately 0.2-1%, but the rate increases after revision THA, and have been reported
as high as 8% [56, 94, 93, 24]. Deep infections that occur late have a tendency to persist
unless all the prosthetic material is removed, and the appropriate antibiotic treatment is
administered. Most surgeons will not do a re-implantation until all signs off deep infec-
tion are completely gone, which often amounts to 3-12 months after the surgery [93].
Heterotopic ossification, is the condition where bone forms in an abnormal anatomical
site, such as in the soft tissue. This complication is seen in as many as 70% of the patients
undergoing THA, but in its more severe and limiting form, it is much less common, and
only about 4% experience this [45, 93]. If the condition is severe enough, the range of mo-
tion is normally compromised, but the condition is often not painful. Depending on the
severity, the treatment can be surgical excision, where the ectopic bone is removed after
it is fully matured, which happens after approximatly one year. As with deep infection
the incident rate of heterotopic ossification becomes greater after revision THA [45, 93].
2.2.5.2 Early Complications
Early complications of a THA include: fracture, deep vein thrombosis, pulmonary em-
bolism, and dislocation [93]. The incidence of fracture associated with THA is approxi-
mately 1%. Improved implant design, and surgical techniques have helped to reduce the
amount of fractures, but as with the late complications the incidence increases to approxi-
mately 6% after a revision THA. The most common fracture site is the femur, and fracture
rarely occur in the acetabulum and pubic rami [45, 93].
Deep vein thrombosis and pulmonary embolism are very common risks associated with
THA, and without the proper precautions it has been estimated that the incidence could
be as high as 70% for deep vein thrombosis, and 20% for a pulmonary embolism [93].
Routine treatment with profylaxis, and the use of compression stockings are commonly
recommended, and the studies now report incidences of deep vein thrombosis of 3.4%,
and pulmonary embolisms between 1% and 2.2% [93, 24, 81]. Next to asceptic loosening,
dislocation and hip instability is the second leading cause for failure and revision of the
THA [1, 55, 52, 71, 57, 73, 9, 36, 56, 22, 72, 91, 13], and since the main medical focus of this
project, is to find a preventative solution to this problem, early dislocation after THA will
be discussed in detail the subsequent section.
2.2.6 Dislocation
When the THA dislocates it is normally the consequence of impingement, followed by
subsequent subluxation, where the head of the femur stem is gradually pushed out of
the acetabular cup, until complete dislocation. The following section contains a descrip-
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tion of general mechanics of impingement, followed by review of some of the factors
predisposing to dislocation, and the current preventative strategies.
2.2.6.1 Impingement
Impingement can be either completely implant related, such that the metal femoral neck
comes into contact with the acetabular cup liner, or it can be bone-to-bone contact such
as when the greater trochanter and the pelvis comes into contact [65]. Hip impingement
happens when the femur part of the implant, is moved in such a way that it exceeds
the range of motion (ROM) of the implant. This creates a mechanical leverage action, that
pushes the femur head out from the acetabular socket. The femoral head will slide against
the acetabular cup creating a frictional resistance. When the load, causing the leveraging
action, exceeds the initial resistance created by the contact between the femoral head and
the acetabular cup, the resisting moment cannot contain the femoral head, and disloca-
tion occurs, see Figure 2.6 [65].
The distance from the initial impingement to dislocation is called the jump-distance, and
a larger jump-distance results in a more stable implant. The jump distance of the implant
depends on the head-to-neck ratio, and on the orientation of the implant. Studies have
been carried out to find a safe range for the orientation of the acetabular component, in
order to make the implant more stable. Most of these studies, find a much higher inci-
dence of dislocation, when the cup is placed outside of this safe range. Lewinnek et al [60]
found a a safe range for the cup orientation of 15±10 degrees anteversion, and a lateral
opening of 40±10 degrees. They found that the dislocation rate inside this safe range was
1.5%, whereas it was 6.1% outside this range. Even when the hip implant is positioned
perfectly, two causes of impingement still persist. Particularly flexible patients have a risk
of impingement when exceeding the ROM of the implant, which can be helped by using
a larger femoral head. Furthermore, some patients have a degree of pelvic tilt, that occur
due to discrepancies between the static pelvic position on the operating table and the
dynamic pelvic position seen during activities [65]. Even though, numerous studies have
been carried out concerning impingement, and how to avoid it, to this day no definitive
solution has been found.
FIGURE 2.6: Impingement in THA.
2.2.7 Factors influencing dislocation
Approximately 60-70% of all dislocations are early dislocations. Several studies have in-
vestigated the incidence of early dislocation, focusing on both primary and revision dislo-
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cations. The results of some of the studies can be seen in Table 2.1. The rate of dislocation
reported in the literature ranges between 1% to more than 9% [52]. The large deviation
in results is largely due to the fact that many of the earlier studies have no distinction
between primary and revision dislocations. In 1981 Khan et al [50] did one of the earliest
studies using a, for the orthopaedic field, large sample size. They reported a dislocation
rate of 2.1% when investigating 6,774 THAs, but did not distinguish between dislocation
of primary and revision arthroplasties. This dislocation rate is somewhat lower, but still
corresponds well to the one found in a recent study by Phillips et al [81]. They found a
primary dislocation rate of 3.1%, but the rate more than doubled to 8.3% after revision
surgery. From Table 2.1 it can be seen that the primary dislocation rate is somewhere
between 0-5%, whereas it approximately doubles after a revision surgery.
TABLE 2.1: Dislocation Incidence Rates.
Author Year Sample Size Dislocation Rate [%]
All Prim Rev
Nicholson [76] 1967-1972 929 2.1 - -
Nicholson* [76] 1970 580 0.09 - -
Charnley [19] 1,972 582 1.5
Ring [88] 1974 1,000 0.3
Coventry [24] 1974 2,012 3.0 - -
Dandy [28] 1965-1972 1,042 1.8 - -
Lindberg [62] 1968-1981 1,739 3.3 2.4 -
Beckenbaugh [10] 1978 333 3.9 - -
Lewinnek [60] 1972-1975 300 3 - -
Turner [98] 1971-1992 561 5.1 4.92 4.76
Etienne A [32] <1971 3,820 0.8 - -
Etienne A [32] >1971 4,706 0.4 - -
Khan [50] 1965-1977 6,774 2.1 - -
Woo [108] 1968-1978 10,500 3.2 2.4 4.8
Newington** [75] 1978-1985 107 15 - -
Kosashvili [56] 1982-2005 887 - - 8.14
Paterno [80] 1983-1994 560 5 4 9
Kristiansen [57] 1985 427 4.9 - 1.4
Woolson [109] 1985-1995 315 4 - -
Kavanagh [45] 1969-1978 8,706 9 - -
Phillips*** [81] 1995-1996 58,521 - 3.1 8.3
Khatod [52] 2001-2003 1,970 - 1.7 5.1
*Late Dislocation
**Study of patients >80 years of age
***Revision Study
The most significant factor concerning dislocation after THA is previous hip surgery. It
has been estimated that the risk of dislocation doubles after a revision THA. Previous
hip surgery includes, hip arthroplasty, osteotomies, internal fixation, and conversion of
arthrodesis to arthroplasty. Woo et al [108] found that instability developed in 2.4% of the
7,241 THAs performed on patients without previous hip surgery, and after 4.8% of the
3,259 patients who had previous hip surgery. The difference was found to be significant
(p<0.001). The results found by Woo et al, corresponds very well to results found in later
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studies [52, 57, 56, 108, 81, 80]. The reason for the increased incidence in dislocation is
assumed to be in part due to altered abductor function, bone loss, and deformities [1, 90,
80]. When one or more episodes of dislocation occur it is termed a recurrent dislocation.
Studies show that the incidence of recurrent dislocation following a dislocation of the
THA is approximately 20-30% [57, 62].
2.2.7.1 Patient related factors
The patient related factors include, age, gender, diagnosis, height, and weight/body mass
index (BMI). Several studies have been carried out looking into these factors, but the re-
sults are mixed. It is therefore difficult to draw strong conclusions regarding which pa-
tient will be at high risk of experiencing dislocations, but general tendencies can be seen
in the data [36, 1, 90]. The following section is a review of the studies concerning the
above mentioned factors.
Age
Table 2.2 contains a summary of some of the previous results concerning the effect of age
on the incidence of dislocation after THA. Lübbeke et al [64] found a significant differ-
ence in the incidence of dislocation within the first year in patients older than 80 years
of age compared to a younger control group. They found a dislocation rate of 14.4% for
the elder group, compared to 6.6% for the younger group. However, the study did not
distinguish between the number of previous revisions, introducing a significant error.
The likelihood of having undergone revision THA would increase with age, as a natural
result of the predicted lifespan of the implant, which would increase the possibility that
the elder group would have had a revision. However, the result found by Lübbeke et al,
corresponds very well to that found by Newington et al [75]. They did a retrospective
study of 107 patients over 80 years of age who had a primary total hip replacement, and
found a dislocation rate of 15%. Ekelund et al [31], found a dislocation rate of 9.6% in
patients of 80 years of age or older. They only looked at patients where the diagnosis was
degenerative joint disease or complications to proximal femur fracture. It is therefore safe
to assume, that this study did not include patients with previous revisions, and therefore
could be compared to the results found by Newington et al [75]. Woo et al and Lewinnek
et al [108, 60] did not find age to be a significant factor, but both studies used the mean
age of the patients with stable hips, versus the ones with unstable hips to draw conclu-
sions. This makes it difficult to compare, since the mean age calculated in the two studies
is much lower than the 80 plus years used by Lübbeke et al [64] and Newington et al [75].
Furthermore, using the mean age to describe the patient group is difficult since the age
span is very large, (between 19 and 89 years for the study conducted by Woo et al [108]).
Paterno et al [80] also studied the patient related factors associated with dislocation, and
analysed the data using both the mean age of the entire patient group, and smaller sub-
groups (<50 years old, 50-60 years old, 60-70 years old, and >80 years old). Both analysis
revealed no significant difference with regards to age concerning dislocation.
Even though most studies have not found a significant difference in dislocation rate re-
garding age, the data shown in Table 2.2 implies that older patients might be more prone
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to dislocations. An increased incidence could be accredited to a number of factors such
as diminished proprioception, poor coordination, muscle dysfunction, less muscle tone,
increased frequency of falls, confusion, cognitive problems and decreased ability to com-
ply with hip dislocation precautions [36, 90, 104]. Furthermore a higher percentage of the
patients over 80 years of age require THA due to intra capsular hip fracture, which has
been associated with a higher incidence of dislocation [29].
TABLE 2.2: Dislocation Studies Concerning Age.
Author Year Study Type Sample Age Disl Sig
Size Rate
Woo [108] 1968-1978 THA Study 10,500 62.1 years (µ of stable) - No
63.9 years (µ of dis) -
Lindberg [62] 1968-1981 THA Study 1,739 - (µ of stable) - No
- (µ of dis) -
Lewinnek [60] 1972-1975 THA Study 300 63.1 years (µ of stable) - No
66.4 years (µ of dis) -
Newington [75] 1978-1985 THA study 107 >80 years 15% -
Kristiansen [57] 1982-1983 THA study 427 74 years (µ of dis) - No
Ekelund [31] ? THA study 162 >80 years 9.6% -
Paterno [80] 1983-1994 THA & revision 619 58.8 years (µ of stable) - No
61.2 years (µ of dis) -
Woolson, [109] 1985-1995 THA study 315 64 years (µ of stable) - No
70 years (µ of dis) -
Lübbeke [64] 1996-2008 Revision Study 325 <80 years 6.6% Yes
>80 years 14.4%
Khatod [52] 2001-2003 THA study 3,098 <55 years 3.4% Yes
>55 years 1.4%
Hailer [38] 2005-2010 THA study 78,098 - - No
Gender
Previous studies have shown mixed results concerning the influence of gender on the
incidence of dislocation. Woo et al [108] found a significant difference between female
and male patients, with a dislocation rate of 3.8% (203 of 5,395) in the female versus 2.5%
(128 of 5,105) in the male patients. This result corresponds very well to the one found
by Kristiansen et al [57], who found a dislocation rate of 6.3% (19 of 300) in the female
patients, and 1.6% (2 of 127) in the male patients, the difference was however, not found
significant. Hailer et al [38], Lindberg et al [62], and Johnsen et al [44] on the other hand,
all found that the incidence of dislocation was higher in males than in females. Lindberg
et al [62] found that almost twice as many of the male patients experienced dislocation
compared to the female patients, but the difference was not found significant. Hailer et al
[38] found that male patients had a significantly higher risk of revision due to dislocation
than female patients, but since the numbers represent the patients actually undergoing
revision, it can be difficult to compare the two studies. Furthermore, since Kristiansen et
al [57] and Hailer et al [38] are the only studies where the statistical methods are men-
tioned, the other studies are difficult to draw strong conclusions from. There are several
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factors that predispose to dislocation after THA, and it is therefore important that the
statistical analysis of the data take this into account to avoid errors from the confounding
of some of these factors. A summary of the previous results concerning gender and dis-
location after THA can be seen in Table 2.3, and from this it seems plausible that women
are more likely to experience an early dislocation than men after a THA.
TABLE 2.3: Dislocation Studies Concerning Gender.
Author Year Study Type Sample Gender Disl Sig
Size Rate
Woo [108] 1968-1978 THA Study 10,500 Female 3.8% Yes
Male 2.5%
Lindberg [62] 1968-1981 THA Study 1,739 Female ≈2.4% No
Male ≈4.8%
Turner [98] 1971-1992 THA study 561 Female 5.49% No
Male 2.8%
Kristiansen [57] 1982-1983 THA study 427 Female ≈5.3% No
Male ≈1.5%
Paterno [80] 1983-1994 THA study 619 Female 4% No
Male 5%
Woolson [109] 1985-1995 THA study 315 Female 5.7% No
Male 3.2%
Khatod [52] 2001-2003 THA study 3,098 Female 1.9% No
Male 1.5%
Hailer [38] 2005-2010 THA study 78,098 Female Higher Yes
Male Lower
Diagnosis
The diagnosis leading to a THA has been shown to have a significant effect on the rate of
dislocation. The result of previous studies investigating this can be seen Table 2.4. There
is a higher risk of dislocation following THA if the diagnosis is a fracture [108, 62, 38].
Woo, et al [108] found a dislocation rate of 7.9% in the fracture diagnosis group, more
than 3 times higher than if the pre surgery diagnosis was osteoarthritis. This relationship
corresponds very well to a more recent study by Hailer et al [38], where they calculated
the relative risk of dislocation to be 3.6 times higher when the surgery was to treat a
fracture, compared to osteoarthritis. Two other diseases that disposes to early dislocation
after THA are rheumatoid/inflammatory arthritis and osteonecrosis. Zwartele et al [113],
found a significant difference in the dislocation rate with a diagnosis of inflammatory
arthritis (10%) and osteoarthritis (2.9%). This corresponds well to the results found by
Khatod et al [52], see Table 2.4. Hailer et al [38] found that a diagnosis of osteonecrosis
made it 3.6 times more likely that the patient would experience dislocation of the THA,
compared to osteoarthritis, which again is supported by previous studies [80, 52].
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TABLE 2.4: Dislocation Studies Concerning Diagnosis.
Author Year Study Type Sample Diagnosis Disl Sig
Size Stable
Lindberg [62] 1968-1981 THA Study 1,739 OA 2.3% No
Fracture 3.4% Yes (P<0.05)
Rheumatoid arthritis 1.5% No
Congenital disl. 2.9% No
Woo [108] 1968-1978 THA Study 10,500 Fracture 7.9% -
Congenital disl. 6.9% -
Bone Cyst 4.4% -
Arthrokatadysis 4.2% -
Traumatic arthritis 3.9% -
Osteonecrosis 3.7% -
Rheumatoid arthritis 3.3% -
Spondylitis 3.0% -
Spontaneous Fusion 3.0% -
OA 2.2% -
Paterno [80] 1983-1994 THA study 619 Osteonecrosis 8% No
Woolson [109] 1985-1999 THA study 315 Osteoarthritis 5.1% No
Inflamatory Arthritis 4.7% No
Traumatic Arthritis 3.2% No
Congenital Arthritis 0% No
Zwartele [113] 1996-1999 THA study 410 Osteoarthritis 2.9% No
Inflamatory Arthritis 10% Yes
Khatod [52] 2001-2003 THA study 3,098 Osteoarthritis 1.2% No
Rheumatoid Arthritis 9% Yes
Osteonecrosis 2.4% No
Traumatic arthritis 0% No
Hailer [38] 2005-2010 THA study 78,098 Osteoarthritis RR=1.0 -
Inflamatory Arthritis RR=1.0 No(1)
Fracture RR=3.7 Yes(<0.001)
Pediatric RR=1.5 Yes(<0.001)
Osteonecrosis RR=3.6 Yes(<0.001)
Height & Weight
Most of the earlier studies concerning the influence of height and weight on the dislo-
cation rate after THA indicate that weight and BMI does not have a significant effect on
the rate of dislocation [80, 109, 39]. However these studies included several other factors,
such as diagnosis which have been shown to have a significant effect on the dislocation
rate (see Table 2.4 in the previous section). Furthermore, most of these studies have a
small sample size, and it is therefore difficult to draw strong conclusions from their re-
sults. In a larger study by Azodi, et al [7] it was found that the obese group (BMI>30)
had a dislocation rate of 4% more than three times the rate for the normal weight group
(1.2%). This difference was found to be significant. It has been postulated that obesity
might have a positive effect on the dislocation rate, due to a more limited range of mo-
tion, this however is not supported by the results found in the literature, see Table 2.5.
Azodi et al, noted that the more overweight patients required a more complicated surgi-
cal procedure due to limited access, which could result in suboptimal orientation of the
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components. Also the higher load on the hip implant might increase the risk of disloca-
tion [53]. Hedlundh et al [39] found that height had a significant influence on the rate
of dislocation. They found that the result came about due to four statistical outliers, and
that these four tall men all fell into the dislocation group. Height has a big influence on
the range of motion, because the lever arm attached to the hip joint is longer, and the
forces transmitted to the hip joint are greater [90]. The higher rate of dislocation in tall
patients could be attributed to a larger range of motion [1, 90, 39]. In order to get a more
conclusive picture of the influence of height, weight and BMI on the rate of dislocation,
it is necessary that the studies use the data from all the groups to draw conclusions. Fur-
thermore as with age, using a mean value might not be the best approach, compared to
having two defined groups and then comparing the number of dislocation between the
two groups.
TABLE 2.5: Dislocation Studies Concerning Height and Weight.
Author Year Study Type Sample Height/Weight Disl Sig
Size Stable
Paterno [80] 1983-1994 THA study 619 BMI<30 5% No
BMI> 30 3%
Woolson [109] 1985-1999 THA study 315 171/75 (BMI=25.6) Stable No/No
171/75 (BMI=25.6) Disl
Hedlundh [39] 1992-1994 Disl. study 65 163/67 (BMI=25.2) Stable Yes(p=0.014)/No
169/70 (BMI=24.5) Disl
Kim [53] - THA study 93 BMI<30 ? Yes
BMI>30 ?
Azodi [7] 1997-2004 THA study 2,106 BMI<30 1.2% Yes
BMI>30 4%
Khatod [52] 2001-2003 THA study 3,098 BMI<30 1.1% No
BMI>30 1.3%
BMI>40 0.8%
Other Patient Related Factors
Other than the above mentioned factors, the mental and physical state of the patient has
also been shown to affect the rate of dislocation. Several studies have shown that patients,
who experience confusion either from illness or excessive alcohol intake, are much more
likely to experience dislocation. This group of patients often lack the ability to follow the
post surgery guidelines to prevent dislocation. Furthermore they may experience dimin-
ished motor control, either due to the influence of alcohol, or because of general confusion
[50, 109, 39, 80]. The American Society of Anesthesiologists (ASA) score is used to access
the physical status of the patients before the surgery. A higher ASA score is associated
with an increased dislocation rate, which is to be expected, since patients experiencing
confusion and/or neurological problems due to illness, would have a high ASA score
[52]. As most patients undergoing THA are elderly, soft tissue laxity must also be taken
into account. This can be further aggravated by the surgery where the tissue is often in-
jured in order to create good visibility. In later years there has been a strong focus on the
importance of careful soft tissue repair, which has resulted in less dislocations, especially
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when the posterior approach is used, but there will always be a loss of stability associated
with the surgery [50, 109, 39, 80].
2.2.7.2 Surgery and Implant Related Factors
Sugical Approach
There are several ways to perform the surgery, and each method has both pros and cons,
and the effect of the surgical approach is another factor that has been studied extensively.
Masonis et al [67] did an extensive literature review concerning dislocation rates associ-
ated with different surgical methods. They included 14 different studies, amounting to
a total 13,203 THAs, some of which are mentioned in Table 2.6 [108, 98]. They found a
dislocation rate of 1.27% when the transtrochanteric method was used, 2.18% using the
anterolateral method, and 2.03% and 3.95% using the posterior method with and with-
out repair of the external rotators and the capsule respectively. Many of the earlier stud-
ies show an increased rate of dislocation when the posterior approach is used. However,
most of these studies does not not include repair of the external rotators and capsule. In-
terestingly enough, Hailer et al [38], found a significantly higher rate of dislocation when
the minimally invasive approach was used. This could be explained by the lack of vi-
sualization, and therefore more uncertain positioning of the implant using this method.
As mentioned earlier, there is no overall guideline concerning which approach to use,
and the choice greatly depends on the surgeon. The results show that the patient history
should be taken into account when choosing the surgery approach in order to avoid early
dislocation.
TABLE 2.6: Dislocation Studies Concerning Surgical Approach.
Author Year Study Type Sample Surgical Approach Disl Sig
Size Stable
Khan [50] 1965-1977 THA Study 6,774 Ant/Ant lat 1.9% No
Pos 2.1%
Olliers 4.8%
Woo [108] 1968-1978 THA Study 10,500 Ant 2.3% -
Pos 5.8% -
Lat 3.1% -
Turner [98] 1971-1992 THA study 561 Ant 0% No
Post > 4.92%
Paterno [80] 1983-1994 THA study 619 Pos 4% No
Trans 0%
Khatod [52] 2001-2003 THA study 3,098 Ant 0% No
Pos 1.9%
Hailer [38] 2005-2010 THA study 78,098 Lat RR=1.0 -
Pos RR=1.2 Yes(0.01)
MIS RR=3.3 Yes(<0.001)
Palan [5] ? THA study 1089 Ant Lat 2.2% No
Pos 2.3%
*Anterolateral
**Posterolateral
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Head-to-neck Ratio
Dislocation often occur due to impingement, making the head-to-neck ratio an important
implant consideration in the prevention of dislocation. A larger head size would make the
distance the implant can sublux before dislocation, often referred to as the jump distance,
greater and thereby increase the stability of the implant [36]. Studies have been carried
out comparing different head sizes, and the general tendency is, that the dislocation rate
is inversely proportional to the head size, see Table 2.7.
Even though the results indicate that a larger head size could be the solution to many of
the problems associated with dislocation, the reality is not that simple. A larger head size
means more volumetric wear, which can lead to acceptic loosening and implant failure.
Overall it seems that if the head-to-neck ratio is less than 2.0, the risk of impingement,
and subsequent dislocation greatly increases [65].
TABLE 2.7: Dislocation Studies Concerning Femoral Head Size.
Author Year Study Type Sample Femoral Head size Disl Sig
Size Stable
Woo [108] 1968-1978 THA Study 10,500 22 mm 2.9% -
28 mm 4.7% -
32 mm 3.3% -
Kosashvili* [56] 1982-2005 THA & rev study 761 22 mm 21.2% -
26 mm 10.5% No
28 mm 7.8% Yes (p=0.019)
32 mm 6.8% Yes (p=0.014)
Hummel [40] 2000-2004 Rev study 242 28 mm 10.6% Yes
32 mm 2.7%
Khatod [52] 2001-2003 THA study 3,098 28 mm 2% No
≥ 32 mm 0.7%
Hailer [38] 2005-2010 Rev study 78,098 28 RR=1.0 -
22 RR=1.8 Yes(0.01)
32 RR=0.8 No
36 RR=0.7 No
Dual Mobility RR=0.9 No
Palan [5] ? THA study 1,089 22 mm 4.6% -
26 mm 1.1%
28 1.8%
*Numbers include revisions
THA has been performed since 1965, and over the years several things have been im-
proved with regards to creating a more stable artificial hip. It has been found that proper
repair of the soft tissue after the surgery greatly decreases the chance of dislocation, since
this promotes the development of a soft tissue capsule, that can act as a restraint against
instability [1]. The inclination angle of the acetabular cup with respect to the femur stem
is also very important in order to avoid impingement, and subsequent dislocation. Both
of these factors are very dependent upon the experience of the surgeon, and the skill of
the surgeon has, not surprisingly, been shown to have a significant effect on the rate of
dislocation makes it important [1]. It is important to keep this in mind when analysing the
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data from the very early studies, that several of the factors associated with early disloca-
tion have been improved over time. This makes it difficult to compare data from studies
carried out at different times.
Even though conclusive evidence regarding most of the patient related factors are still
lacking, the tendencies indicate that precautions should be taken when operating on for
example an elderly, female patient diagnosed with hip fracture. Furthermore from it is
evident that development and research in the area are still needed. The current tendency
in the treatment of recurrent dislocation is discussed in the next section.
2.2.7.3 Current Prevention Strategies
After a THA patients are given general guidelines regarding movements that should be
avoided during the first 3 months after the operation. The type of movement the patient
is told to avoid, depends on which surgical approach was used during the THA. If the
posterior approach was used, the patient is told to avoid having less than a 90 degree
angle between the thigh and torso. This means the patient should be cautious when for
example rising from, and sitting down in a low chair, getting in and out of the car seat,
bending down with straight legs to pick something up, or tying ones shoes. To avoid
turning the leg inwards, such as crossing the legs while sitting or lying on the back, or
turning the foot inwards at any time. During sleeping the patient is often told to keep
a pillow between the knees to avoid these complications. If the anterior approach was
used the patient is told to avoid having an angle of more than 180 degrees between the
thigh and torso, which means not stretching the leg backwards while walking, and being
careful when kneeling on one leg only. Furthermore, they are told to avoid turning the
hip and leg outwards, which means being cautious when getting in and out of bed and
other sitting positions where the legs are moved apart. All of these movements exceeds
the implants range of motion, leading to impingement and subsequent dislocation.
Nadzadi et al [73] did a finite element analysis of the different movements that are likely
to lead to dislocation. Their study was set up to allow for the highest incidence of dislo-
cation, within the current recommendation, which means using a 22 mm head, and the
most unfavourable cup placement, within the earlier reported safe zone. Their results can
only be used as an indication of which movements are most prone to dislocation, and not
as general prediction of how many percent will experience dislocation when doing the
different movements. They found the highest dislocation rate (87%) doing the sit-to-stand
from a low seat, but the same movement from a normal height chair scored high as well
(64%). Rolling over after lying on the back had a dislocation rate of 63%, while the move-
ment where you bend down, with your legs straight, to pick something up from the floor
scored the lowest (14%). The movements scoring high in their results, are movements
that are such a normal part of the patients everyday life, that even though the patient
tries to follow the guidelines, it can still be easy to get into extreme positions.
After a dislocation the initial treatment is often a closed reduction, where the two parts
are put back together. Closed reduction is done under general anaesthesia where the sur-
geon, or doctor, guides the implant back into place, without performing surgery. To avoid
recurrent dislocations, the patient can be fitted with a brace which is to be worn for 4-6
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weeks after the reduction to help restrict the movements. The type of brace used depends
on the surgical approach since the dislocation mechanics are different depending on the
approach [1, 78]. If the posterior approach is used, the brace is designed to restrict flexion,
adduction, and internal rotation and should be worn at all times. If the anterior approach
is used, the brace puts more restriction on the hip that limits external rotation. In order to
restrict external rotation the brace must be longer, and incorporate the foot [1, 78]. Studies
show a good outcome in most patients fitted with the brace, and it has been estimated
that two thirds of the patients experiencing recurrent dislocation can be treated with a
brace. Due to the cost, and general low comfort it is only used in patients after the first
dislocation [1, 42]. There is some uncertainty as to the real function of the brace, some au-
thors hypothesize, that the brace might serve more as a reminder of the restriction, than
as a general restriction in itself [42]. The TLC Hip Abduction Brace seen in Figure 2.7 is a
very commonly used brace with recurrent dislocations.
FIGURE 2.7: TLC® Hip Abduction Brace [12].
When the above preventive strategies are not sufficient enough, or when there is a mal-
positioning of the component, revision surgery is the only other option. During a revision
the implant is excised and repositioned, or replaced by a different type depending on the
reason behind the revision. Revision surgery is often considered when there are three or
more episodes of dislocations [1]. Several studies have been carried out to improve the
design of the hip implant in order to make it more stable, but so far nothing has proven
completely successful. The general idea in creating more stability in the hip implant, is
focused on changing or repositioning the acetabular cup. In a patient experiencing recur-
rent dislocation, some experience more stability with a modular elevated-rim acetabular
liner, where the UHMWPE cup is slightly elevated in one side, to improve the range of
motion. A very common system is the Zimmer Trilogy® Acetabular Hip System (see Fig-
ure 2.8a and 2.8b). Documentation on the effect of these liners on stability and also on
the long term effect in terms of wear and loosening is lacking [29]. In a patient, where
the above modifications of the acetabular cup is not sufficient to establish stability, and
where there can be found no underlying reason such as malposition or inadequate soft
tissue tension, a constrained liner can be considered [1, 29, 90]. In the constrained liner, as
the name implies, the head is constrained inside the acetabular cup, making dislocation
difficult. Figure 2.8c shows the ADM X3 developed by Stryker. The major problem with
the constrained liners, besides the reduced range of motion, is the increased stress at the
acetabulum/bone junction, which leads to loosening, and they should therefore be used
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with caution [1, 29, 90]. There has been studies investigating soft tissue reinforcement to
enhance a deficient abductor mechanism, or to augment the deficient posterior capsule
in order to prevent dislocation. These studies have generally focused on a achilles ten-
don allograft, or a synthetic ligament structure, placed strategically in the hip to increase
the stability. The results look promising, but the procedure is technically demanding, re-
quire a viable tendon or synthetic ligament, and is likely to fail if there is a component
malposition[1, 29, 90].
(A) (B)
(C)
FIGURE 2.8: A) Standard Acetabular Cup [112] B) Elevated Rim
[112] C) Constrained liner [95].
Since the above mentioned prevention strategies have both positive and negative effects,
and the rate of the success of each of them is debatable, this project is looking into an
implantable solution, separate from the hip implant. An implantable device, that can
be inserted as a part of the current hip implant, would take the guess work out of the
equation, and give each patient the best possible chance of avoiding dislocation. In the
following chapter, the mechanical requirements of such an implant is analysed.
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Chapter3
Strain and Force Requirements
3.1 Initial Strain Region
3.1.1 Devise requirements and attachment solutions
Over the large range of motion associated with normal hip movement, the device should
be highly compliant, showing very little increase in stress as the material is stretched, this
is illustrated as the initial strain region in Figure 3.1.
FIGURE 3.1: Representation of the stress strain relationship required,
for the hip dislocation preventer to work.
In the following the initial strain requirements of the hip dislocation preventer are inves-
tigated. The attachment of the device can be done in two possible ways, and the position
where the fabric mesh lock can be manipulated as well. The strain analysis will there-
fore be carried out using two different attachment solutions (ring attachment and direct
attachment), and two different locking scenarios (impingement lock and jump lock).
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The ring attachment involves attaching the mesh to a "loose" biodegradable ring, placed
around the neck of the femur stem, resting on the head of the femur. A ring with a larger
diameter than the stem diameter would, in theory, allow for more rotational freedom.
This would put less strain on the device, and thereby make it possible to use a less com-
plicated mesh design. The other solution is to attach the mesh directly to the femur using
biodegradable pins. This would give less implant contact during normal motion, but it
would not allow for further rotational freedom, than what would be achieved from the
mesh itself. Both attachment solutions are shown in 3.2.
(A) (B)
FIGURE 3.2: An illustration of the two different design ideas. A) A
cone with the top attached to the modified femur bone around the metal
stem. B) A cone with the top attached to a ring resting on the head of
the femur part.
As mentioned in section 2.2.6, dislocations often involves impingement, followed by sub-
luxation up until a certain jump-distance after which dislocation occurs. This means, that
two different locking positions should be considered. The mesh can lock as soon as im-
pingement occurs, which would limit the range of motion. It does however, make sub-
luxation impossible, which would make the implant more stable. On the other hand, by
allowing the hip implant some degree of subluxation, the range of motion would be im-
proved, but the stability of the hip implant might be compromised.
The required length of the initial strain region is calculated for all four solution models
in the following section.
3.1.2 General assumptions
In order to calculate the length of the required initial strain region, the critical point of
impingement was assumed to be when the angle exceeds 90◦ flexion from the neutral
position. In the neutral position, the mesh should contains a degree of slack, which is
drawn out after approximately 35◦ of adduction. The device should provide very little
resistance up until the point where impingement occurs, which is assumed to be at ap-
proximately 90◦ from the neutral position. After impingement, the device should either
lock, making further movement impossible, or there should be an increase in resistance
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until a jumping height, of approximately half the radius of the femur head, is reached.
During subluxation the mesh should resist the outwards force of the femur head, and at
the assumed jump height it should lock, making dislocation impossible.
Each solution is considered in this section, along with two different attachment solutions.
3.1.3 Initial Strain Region, locking at 90◦ from the neutral position
In Figure 3.3a and 3.3b the geometries of the two different attachment solutions are
shown. Here r1 is the radius of the insertion on femur, or of the attachment ring, r is the
radius of the stem (in Figure 3.3a r = r1), R is the radius of the ball, and w is the length
from the ball to the insertion on the acetabular cup. v represents the angular change from
the neutral position. The rotation is centred around the center of the femur ball.
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FIGURE 3.3: 2D model of the hip implant (dashed lines correspond-
ing to three different positions), and cross-section of the conical PLLA
implant (red, shown in these same three positions) to determine the req-
uisite character of the fabric material properties. A) Attachment at the
femur bone B) attachment to a loose ring (stippled line at the intersec-
tion between ball and stem) at the intersection between the ball and the
stem.
In Figure 3.3 h is the height of insertion onto the stem, x1 is the attachment point on the
modified acetabular cup, x2 is the point of contact between the device and the femur
head, x3 is the point where there is no longer contact between the two, or where the yarn
is attached to the ring (depending on the solution), and x4 is the attachment point on the
modified femur.
3.1.3.1 Calculations of initial strain requirement with femur attachment
In order to calculate the size of the initial strain region the problem is divided into two
parts: the length (Lbc) until contact is reached between the device and the ball of the
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femur stem, and the length (Lac) after contact between the two.
Until point of contact
Since the device is supposed to have a degree of initial slack, the material will not feel the
elongation for the first 35 degrees flexion from the neutral position. The angular move-
ment from the neutral position until the material starts straining, is therefore not consid-
ered here.
To make the derivation easier two new directions (ev and er) are defined:
ev = − sin vi + cos vj
er = cos vi + sin vj,
where ev is in the direction of the centerline of the moving stem, and er is the normal
vector to ee (see Figure 3.3b).
Until point of contact the full length of the yarn, Lbc, is given by the length of the vector
spanning from x4 to x1, where x1 and x4 are given by:
x1 = (R+ w)i (3.1)
x4 = (R+ h)ev + rer (3.2)
Inserting eR and ev into equation 3.2 gives:
x4 =(r cos v − (R+ h) sin v)i + (r sin v + (R+ h) cos v)j (3.3)
From Equations 3.1 and 3.3 the following definition of Li until point of contact is:
Li =
√
(r cos v − (R+ h) sin v − (R+ w))2 + (r sin v + (R+ h) cos v)2 (3.4)
After point of contact
The entire length (Lac) is given by the sum of the three lengths L1, L2 and L3. L1 is the
length of the vector spanning from x1 to x2, L2 is the arc of the circle from x2 to x3 and
L3 is the length of the vector spanning from x3 to x4.
L1 and L2:
L1 is defined as:
L1 =
√
(R+ w)2 −R2 (3.5)
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L2 is calculated using the definition of the length of a circle arc:
L2 =
piR
180
(
v3 − cosh
(
R
R+ w
))
(3.6)
where v3 is the angle corresponding to x3, see Figure 3.3a.
L3:
In order to calculate L3, x3 must first be defined:
x3 = R cos v3i +R sin v3j (3.7)
x4 can then be defined as a function of x3 and v3.
x4 = x3 + L3(− sin v3i + cos v3j) (3.8)
Inserting equation 3.7 into equation 3.8 gives:
x4 = R cos v3i +R sin v3j + L3(− sin v3i + cos v3j) (3.9)
L3 is found by inserting equation 3.3, and solving for v3 and L3 corresponding to differ-
ent values of v.
Finally the length after point of contact, Lac, is given by the sum of L1, L2 and L3:
Lac = L1 + L2 + L3 (3.10)
The initial length before the material/device starts experiencing the elongation is given
by:
L0 =
√
(R− r + w)2 + (R+ h)2 (3.11)
The strain is then given by:
bc =
Lbc − L0
L0
(3.12)
ac =
Lac − L0
L0
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3.1.3.2 Calculations of initial strain requirement with ring attachment
When the device is attached to a movable ring, positioned at the intersection between the
neck and ball of the femur implant, the movement can be divided into before, and after
the stem comes into contact with the ring.
Before contact with ring
The difference in diameter between the ring and the neck of the femur implant results
in a "free" range of movement, where the implant can move relative to the ring, without
stretching the yarn. The size of this free movement (vc) is illustrated in Figure 3.4.
v1
v2 R
r
r1
FIGURE 3.4: The difference in diameter between the neck of the fe-
mur implant and the attachment ring. The "free" range of movement
is shown as the striped area.
The angular size of the free movement (vc) is given by:
vc =
v2 − v1
2
(3.13)
The angle at which the fabric will start experiencing strain is defined as 35◦ plus vc.
After contact with the ring
The length of the yarn is given by the arc length spanning from x3, to the point where the
yarn comes into contact with the ball of the femur implant (x2), plus the initial length L1:
L = L1 +
piR(v3 − vc)
180
(3.14)
The strain is calculated using equation 3.12.
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3.1.3.3 Results for initial strain region up until impingement
Using different widths (w) from the cup to the insertion (5 mm, 10 mm, and 20 mm),
and the assumptions seen in table 3.1, the required length of the toe region for the two
scenarios was calculated. The results can be seen in Figure 3.5.
TABLE 3.1: Assumptions used in 2D model.
R/[mm] r/[mm] r1/[mm] h/[mm] w/[mm]
Bone Attachment 14 - 8 30 5, 10, 20
Ring Attachment 14 5 7 - 5, 10, 20
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FIGURE 3.5: Required length of the toe-region (stippled line) using
different mounting widths (w). A) Attachment at the femur bone B)
attachment at a loose ring at the intersection between the ball and the
stem.
From the plot in Figure 3.5 it can be seen, that if the device should lock at 90◦ from the
neutral position, the initial strain region would be between 40% and 100%, depending on
the attachment solution. Attaching the device directly to the femur bone, makes it less
sensitive to the width (w), compared to the ring attachment. It should be noted, that the
two solutions do not incorporate rotation, but since the attachment solution using a ring
is moveable, this solution is thought to be less sensitive to this type of movement. At a
width of w=10 mm the bone attachment has an initial strain region of 40%, which is true
for the ring attachment with a width of 20 mm.
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3.1.4 Initial Strain Region with subluxation
3.1.4.1 Bone attachment
The results of the above model can be used to calculate the initial strain region required, if
the device should allow for some subluxation after impingement. In Figure 3.6 a schematic
of the problem is shown. The constants are the same as the ones used in the previous
model, and it is assumed that there is point contact between the yarn and the femur head.
The rotation is centred around the point of impingement, and the angular change (a) is
seen as the clockwise downward angle from the femur shaft following impingement.
x1
x4
j
h
r
a
M
C
L1
L2
FIGURE 3.6: 2D model of the hip implant and cross-section of the con-
ical PLLA with bone attachment to determine the initial strain region
when subluxation is allowed.
The new coordinate system gives the following equations for x1, x4, and the centre of the
femur head:
x1 = −(2R+ w)i (3.15)
x4 = R(sin(a)j− cos(a)i) + (R+h)(cos(s)i + sin(a)i) + r(cos(a)j− sin(a)i) (3.16)
C = R(sin(a)j− cos(a)i) (3.17)
The height (j) of the arc is given by:
j = R− 1
2
√
4R2 − d2, (3.18)
where d is the length of the chord, between the two points of intersection between the
line from x1 to x4 and the circle.
The length of each segment of the line is then found using Pythagoras, and the midpoint
of the circle chord.
L1 =
√
(|x1M |2+h2) (3.19)
CHAPTER 3. STRAIN AND FORCE REQUIREMENTS 35
L2 =
√
(|Mx2|2+h2) (3.20)
The additional strain experienced by the yarn after impingement is then given by:
 =
(L1 + L2)− L0
L0
(3.21)
where L0 is the length of the yarn at 90◦ from the neutral position, before the rotation
associated with impingement occur.
Assuming that the jumping distance is defined as the change in j (∆j) after impingement,
and the maximum allowed ∆j is half the radius of the femur head (7 mm), then the cor-
responding increase in angular movement (∆Angle), and strain (∆Strain) experienced
by the implant can be calculated. ∆Angle and ∆Strain are defined as the difference be-
tween the calculated angle and strain, with and without allowing for subluxation. The
results can be seen in Figure 3.7.
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FIGURE 3.7: The consequences of allowing subluxation to happen be-
fore locking, with regards to angle and strain. Angle and strain is com-
puted as the increase compared to the solution without subluxation a)
Jumping height versus the increase in angle range b) Jumping height
versus the increase in strain experienced by the device.
3.1.4.2 Ring Attachment
In order to calculate the initial strain after impingement when the ring attachment solu-
tion is used a small modification to the above calculations must be made. A depiction of
the geometry can be seen in Figure 3.8:
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FIGURE 3.8: 2D model of the hip implant, and cross-section of the con-
ical mesh with ring attachment to determine the initial strain region,
when subluxation is allowed.
Since the mesh is attached to the ring, x4 is now defined as:
x1 = −R(cos(v)i− sin(v)j) +R(cos(v2)i + sin(v2)j) (3.22)
The general geometry of the hip implant is the same, and the angle at which the critical
jumping height is reached would therefore be independent of the attachment solution.
The critical angle can therefore be used to find the corresponding change in height (∆h),
and this can in turn be used to calculate the extra strain requirement. The results can be
seen in Figure 3.9.
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FIGURE 3.9: The consequences of allowing impingement to happen
before locking with regards to angle and strain. Angle and strain are
computed as the increase compared to the solution without impinge-
ment a) Jumping height versus the increase in angle range b) Jumping
height versus the increase in strain experienced by the device.
A summary of all the results concerning the initial strain region can be found in table 3.2.
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TABLE 3.2: Results of the initial strain region analysis.
Ring Attachment Bone Attachment
Impingement lock Jump Lock Impingement lock Jump Lock
Angle Strain [%] Angle Strain [%] Angle Strain [%] Angle Strain [%]
5 90 91 108 110 90 32 108 45
w [mm] 10 90 60 107 99 90 37 107 48
20 90 38 105 44 90 42 105 50
From the results in table 3.2 it can be seen that if the device is designed to lock at 90◦ the
initial strain region should be between approximately 32% and 90%, depending on the
attachment solution, and the mounting width. Furthermore, it can be seen that the ring
attachment is very sensitive to a change in the width, and that a larger width is necessary
in order for this solution to be valid. If the bone attachment is used, all three suggested
mounting widths is within reason. If some subluxation is allowed, the range of movement
of the hip would be increased, which is very desirable, but the initial strain region would
have to be longer as well, which might not be possible. By allowing subluxation up until
a jump height of 7 mm, we increase the allowed movement of the hip by approximately
15-19◦, with respect to the 90◦ from the neutral position seen in the previous solution (see
Figure 3.9a). This increase in moveability of the hip comes at a cost with regards to the
required initial toe region of the mesh, but the results are still within reason depending
on the mounting with and attachment solution.
3.1.5 Forces produced during dislocation
Several studies have investigated the kinematics of dislocation of the hip implant using
finite element models (FEM), [FEM1, 14]. There is a large variation in the results reported
in the different studies, since they use different model parameters, but the peak resisting
moment generally lie somewhere between 4500-14000 Nmm. This means that in order
for the hip implant to dislocate the forces must be large enough to overcome this. If it is
assumed that the outward force applied to the mesh during impingement acts from the
center of the femur head, then the moment arm would be equal to the radius, 14 mm.
The outward force would then be equal to:
Flow =
4500Nmm
14mm
= 321N
Fhigh =
14000Nmm
14mm
= 1000N
Since the device must be able to resist the outwards motion, the resistive force from the
device must be equal to or greater than the outward force. Using Flow and Fhigh the re-
sulting tensile force in the yarns can be estimated:
Flow/high = sin(v1)FT1 + sin(v2)FT2
FT1 cos(v1) = FT2 cos(v2)
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The angles v1 and v2 can be calculated using the geometry seen in Figure 3.6, and solving
the above equations with respect to FT1 and FT2 gives the following results:
TABLE 3.3: Tensile Forces.
F /[N] T1/[N] T2/[N] T /[N]
321 880 866 1746
1000 2476 2516 4992
3.2 Discussion of Results
One of the main requirements of the hip dislocation preventer is, that it does not put
further restriction on the range of movement of the hip, than what is seen after a total
hip arthroplasty. The results found in the above section show, that in order for this to be
obtainable, the initial strain region, where the stress remains low, would have to be at
least 30%. Furthermore the analysis show that both attachment solutions proposed in the
project, are possible in theory depending on the distance of the mounting point on the
modified acetabular cup.
The two attachment solutions have different strengths and weaknesses with regards to
performance. From a design perspective, attaching the device to the femur bone using
biodegradable stables, has a great advantage in not being in direct contact with the im-
plant at all times. Furthermore, the analysis show much less dependency on the mount-
ing width, for the femur attachment, compared to the ring attachment solution. This
means, that the implantation would be much simpler, and be much less vulnerable to
differences in the bone geometry. The ring solution on the other hand, only need to be
mounted in one place during the implantation, since the devise is already fixated onto
the femur part of the hip implant. This solution also have the possible advantage, that it
in theory would allow for more rotational freedom, in addition to the rotation permitted
my the mesh. From the results it can be seen that if some subluxation is desired, the ring
attachment actually gives a smaller initial strain region at a 20 mm mounting width, than
the bone attachment solution does for all mounting widths.
The tensile forces calculated can be used as general guidelines as to how much the im-
plant should be able to withstand. The restrictive moment is the force that should be
overcome in order for the implant to dislocate. The forces during dislocation might be
larger, but even if this is the case, the hip dislocation preventer would work by increasing
the amount of force needed to dislocate. This in itself could be enough to make disloca-
tion impossible, without subjecting the devise to larger forces. The above results should
be seen as general guidelines with regards to the requirements of the devise. The geo-
metrical model does not take the three dimensionality of the problem into consideration,
which will be most significant with regards to rotation. Despite the simplicity of the ge-
ometry, the results still give a very good prediction of the initial strain region required
to allow for full hip movement. The final choice regarding the attachment choice, require
testing and/or a finite element model of the 3D problem to determine the sensitivity to
rotation. Furthermore cadaver implantation is needed to determine the proper width for
the attachment site.
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3.3 Summary
From the analysis of the most common movement associated with dislocation of the ar-
tificial hip, the requirements of the hip dislocation was determined. The analysis was
done using two different attachment solutions, and two different locking scenarios. The
results showed, that the initial strain region of the hip dislocation preventer would have
to lie between 30-90%, the mesh should be able to withstand loads between 1700 N and
5000 N. The analysis show, that both attachment solutions proposed in the project are
theoretically possible, but the ring attachment is much more sensitive to the mounting
width on the acetabular cup. Allowing the hip some degree of subluxation, increases the
range of movement of the hip by approximately 15-19◦, relative to the solution without
subluxation, but this also increases the requirements of the initial strain region.
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Biodegradable Polymers
4.1 Polymer Background
4.1.1 Biodegradable Polymers
Biodegradable polymers, as specified by the ISO standard, are polymers where the chem-
ical structure, and thereby the physical and mechanical properties, change significantly
when inserted into a physiological environment, for at variable period of time. During
degradation, these polymers will break down into smaller fragments by macromolelcu-
lar chain scission. Over time these fragments will be expelled by the body, as a part of the
natural processes [37, 51, 18]. In the last decade, biodegradable materials have seen great
success in the medical field, and it is currently a very large field of research in several
application areas. There are many reasons why the biodegradable materials are as pop-
ular as they are. The first and most obvious reason being the fact that once inserted, the
application does not have to be removed again, as would a nonbiodegradable material.
This property is the main reason why the biodegradable polymers are being used so ex-
tensively in suturing. Sutures made from biodegradable polymers have been used since
the 1960s, where the first synthetic biodegradable suture became commercially awailable,
[69, 35, 74]. The fact that the polymers can be combined in several different ways into dif-
ferent copolymers, makes it possible to design sutures that have a degradation time and
strength suited to several different areas.
Designing the biodegradable polymer, such that the degradation profile matches the
healing profile of the tissue, makes it valuable in several other areas. Most tissues in the
human body need mechanical stimuli to become stronger. Inserting a non-biodegradable
material, will offer full support to the tissue for the entire implantation period. This in-
troduces stress shielding, which makes the recovery much slower, and less effective. The
biodegradable material, on the other hand, can be designed to degrade at the same rate as
the tissue is healing, allowing for slow transfer of load to the tissue [69, 35]. This property
is used extensively in both tissue engineering, and implantation. In tissue engineering,
the biodegradable materials are often used as porous scaffolds, which support and direct
the generation of new tissue [43]. These scaffolds provide a 3D framework, that can be
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equipped with different bioactive molecules, which control cell attachment, growth, pro-
liferation, and differentiation. As the new tissue grows stronger, the scaffold degrades
leaving only the new tissue. Extensive research is carried out in tissue engineering, try-
ing among other things to develop cartilage, bone, and ligaments, using biodegradable
scaffolds [35, 43].
I the orthopaedic field, the biodegradable polymers have been used in several different
functions, such as rods and screws used to fixate fractures, and secure grafts during lig-
ament reconstruction [43]. Since the polymer degrades, it does not influence later x-ray
and x-ray computed tomography (CT) scans, and the fact that it is not a metal, makes it
possible to use magnetic resonance imaging in the future as well. Biodegradable poly-
mers also show big potential in drug delivery, where the degradation can be timed to
release the drug at an appropriate time, depending on the function of the drug. The drug
delivery function is also used as a addition to an implant function, releasing drugs bene-
ficial to the healing of the tissue around the implant. In orthopaedic bone implants, bone
morphogenic protein can be released as the polymer implant degrades, speeding up the
healing process [69].
When choosing a biodegradable polymer for biomedical use, there are several things that
should be considered. Beyond having the right material properties, the material must be
biocompatible, and not invoke an undesired inflammatory/toxic response. It should be
easily processed into it’s final form, easily sterilized and when it has served its purpose
be fully metabolised by the body. Several natural and synthetic biodegradable polymers
have been approved for biomedical use.
Natural polymers are produced in nature during the growth cyclus of all living organ-
isms. The two major categories are: polysaccharides, such as starch and cellulose, and
polypeptins, such as collagen, elastin, and Albumin [18, 74]. The natural polymers gen-
erally degrade by enzymatic reactions into monosaccharides and amino acids, which are
a natural part of the human system, and therefore can be easily eliminated [74]. Synthetic
polymers generally offer greater advantages over the natural polymers. They are often
biologically inert, their properties are more predictable and can be tailored to the spe-
cific applications, and they degrade by hydrolytic degradation, needing only a aqueous
environment, and no enzymes or catalysts [74]. There are several types of synthetic poly-
mers, but the most interesting group from a medical point of view, are the polyesters.
Polyesters have gained their popularity because of their easy degradation, and biocom-
patibility [74]. In the initial research into material options for the hip dislocation preven-
ter, the main focus was therefore on this group of polymers. The next section provides
a short introduction to the most common polyesters used in the medical field. The gen-
eral degradation mechanisms, and material properties found in the literature was used
to decide which polymer would be most suitable for the implant.
4.1.1.1 Polyesters
Polyesters are polymers that contain the functional group, ester, in their main polymer
chain. Aliphatic polyesters are the only polymers that can be synthesized to reveal high
molecular weight polymers, and still be biodegradable. This makes them extremely pop-
ular in the medical field, since the material properties, and the degradation profile is
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closely related to the molecular weight of the polymer [74]. The three most common
aliphatic polyesters used in the medical field are: Polyglycolic acid (PGA), Polylactic acid
(PLA), and Polycaprolactone (PCL). These polymers are widely used in their pure form,
or as copolymers in sutures, drug delivery systems, vascular grafts, artificial skin, and
orthopaedic implants [69, 18, 35]. The chemical structure of PGA, PLA, and PCL can be
seen in Figure 4.1.
(A) (B)
(C)
FIGURE 4.1: The chemical structure of the most common medical
polyesters, [92]. A) PGA B) PLA C) PCL.
Synthesis
Polyesters are generally synthesized using either ring-opening polymerization, or con-
densation polymerization [74]. By using ring opening polymerization of the polyesters,
very high molecular weights can be achieved, which in turn reveal very favourable ma-
terial properties.
Of the three, PGA is the simplest linear aliphatic polymer. It is synthesized from glycolic
acid, and under the right conditions during ring opening condensation, very high molec-
ular weight materials, with about 1-3% residual monomer present, can be produced.
In the 1960s, PGA was used to develop the first synthetic, commercially available, ab-
sorbable suture, marketed as DEXON®. PGA is highly crystalline, and fibres made from
PGA exhibit very high strength and modulus, making them too stiff to be used as su-
tures, except as a braided material. The braided sutures made from PGA alone, loose
50% of their strength after approximately two weeks, and 100% after four weeks. They
are completely absorbed in the body after 4-6 months. Some of the material properties
found for PGA in the literature can be seen in Table 4.1 [69, 35].
PCL is often synthesizes by the ring-opening polymerization of the cyclic monomer -
caprolactone, using a catalysts such as stannous octoate. The ring opening of -caprolactone,
gives a semicrystaline polymer, with a very slow degradation profile in the order of 2-3
years. The tensile properties of PCL (see Table 4.1), along with the very long degradation
time, makes it well suited for long term implantable drug delivery systems. Furthermore,
PCL is compatilble with a range of polymers, and can therefore be copolymerized with
other polymers to yield polymers with different material properties [35].
PLA can be synthesized using two different monomers, Lactic acid and Lactide. The
polymerization can be made by direct condensation of lactic acid, or via ring opening
of Lactic acid (which is made from condensation of from Lactic acid). Lactic acid is chiral
molecule, and therefore exists in two steroisomeric forms: L-lactic acid and D-lactic acid.
PLA can therefore be found in two pure isomeric configurations: poly-L-lactic acid (L-
PLA), poly-D-lactic acid, and a racemic mixture of the two isomers poly-D,L-lactic acid
(DL-PLA) [33]. Both L-lactic acid and D-lactic acid are the naturally occuring stereoiso-
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mers, but most of the lactic acid found in nature is L-lactic. Furthermore, the lactic acid
found in the human body, is mostly L-lactic acid, and most of the biomedical research
applications are therefore concentrated on L-lactic acid, or a blend of the two. L-PLA is
a semicrystaline polymer, whereas the mixture of both isomeric lactic acid forms creates
a unorganized crystaline structure, making DL-PLA an amorphous polymer. Compared
to L-PLA, DL-PLA has a much faster degradation time, lower tensile strength and higher
elongation. The amorphous nature of DL-PLA makes it well suited for drug delivery ap-
plications, where a homogeneous dispersion is required, whereas L-PLA is preferred in
applications where mechanical strength and toughness is needed, such as sutures and
orthopedic devices, [6].
Degradation
The biodegradation of polyesters happens by non specific, hydrolytic scission of the ester
bonds in the backbone of these polymers. For this to happen, the polymer must come into
contact with moisture such as the body fluids. The hydrolytic degradation of PLA, PGA,
and PCL is a bulk degradation. During bulk degradation the large sized degradation
products, within the bulk of the polymer, can’t diffuse freely to the surface of the poly-
mer, which results in a a degradation difference between the surface and the bulk of the
polymer [69, 35]. At first there is a rapid degradation at the surface due to the high avail-
ability of water, but as the material absorbs the water, the degradation occur throughout
the material. Since the degradation products cannot diffuse away from the bulk as easily,
the bulk becomes more acidic, which further catalyses the ester breakdown. This phe-
nomenon is very important to consider in larger implants, since the material might not
be homogeneous with respect to time, even though the size of the implant will remain
relatively constant. In general polymers that undergo bulk degradation will experience
a reduction in the molecular weight as the material degrades, but there will be no initial
loss in the physical properties, since the device matrix is still held together by the crys-
talline structure. At a certain point, water will start to fragment the device, which results
in a reduction of the physical parameters [69, 35]. How fast and how easily a polymer
degrades depend on several factors: the chemical stability of the polymer backbone, crys-
tallinity, molecular weight, morphology, environmental factors such as local stresses and
strains, amount of residual monomers, the porosity, and the implantation site [35].
The anatomical site and environmental stresses that the implant will be subjected to play
a role in the rate of degradation. If the vascularization at the implant site is inadequate,
the degradation products can not be removed at a fast enough rate, which results in a
build up of acidic by-products. An acidic environment will work as a catalyst and in-
crease the degradation rate, which will further reduce the pH. In addition to the faster
degradation of the implant, the reduction in pH can cause adverse tissue reactions, es-
sentially putting the biocompatibility into question. Implants subjected to high stresses
degrade at a faster rate. The reason behind this is that during high stresses, and especially
cyclic stresses the implant will develop cracks, increasing the effective surface area, and
exposure to the hydrolytic environment [69, 35].
As mentioned above, or the biodegradable polymers to be biocompatilble, their degrada-
tion product must be easily removed from the implant site, and dealt with by the body’s
natural processes. PGA, PLA, and PCL all degrade into molecules that can be disposed
CHAPTER 4. BIODEGRADABLE POLYMERS 45
off by the natural metabolic processes in the body. PGA degrades into glycolic acid, which
can be excreted in the urine, or it can be further transformed to glycine which by further
transformations enters the tricarboxylic acid cycle, where it is excreted as carbon dioxide
and water. PLA is hydrolyzed to form lactic acid, which also enters the tricarboxylic acid
cycle, and is excreted as carbon dioxide and water. PCL degrades into -hydroxy caproic
acid, which can then be metabolized in the same way as glycolic acid [35].
Copolymers
PGA, PLA, and PCL are often copolymerized to achieve more favourable material prop-
erties. L-PLA looses its strength in approximately 6 months, but it takes much longer,
before the implant is material is actually fully absorbed by the body. PGA, on the other
hand, degrades at a rate that is too fast for many applications, both due to the loss of
strength and the accumulation of degradation products at the implant site. The develop-
ment of copolymers of PGA and L-PLA is therefore of great interest in the biomedical
field. The aim is to design polymers that have a more reasonable degradation profile,
while maintaining the mechanical strength that both L-PLA and PGA exhibit. Both L-
and DL-lactides can be copolymerized with glycolic acid in different ratios. Vicryl®is a
very common, fast degrading suture made of poly(lactide-co-glycolide) containing 90%
glycolic acid and 10% lactic acid. The suture retains it’s tensile strength for 3-4 weeks, and
is completely absorbed in approximately 2 months. Monocryl®is another fast degrading
suture made of the copolymer of -caprolactone and glycolide. The co-polymers are very
popular, in large part due to their approval by the FDA for use in humans, the good
producability, and the possibility of tailoring the material properties to fit the desired
application [74].
Table 4.1 show some general results from the literature regarding the crystallinity, melting
point temperature (Tm), glass transition temperature (Tg), elastic modulus (E), tensile
strength (σ), strain at break () and degradation time for the different polymers.
TABLE 4.1: Mechanical properties of some polyesters.
Polymer Crystalinity Tm Tg E σ  Degradation
% [◦C] [◦C] GPa MPa % Time [months]
PGA [74, 101] 45-55 225-230 35-40 6.0-7.0 60-100 1.5-20 <1
PLA [74, 101] 60-65 150-162 0.35-3.5 21-60 2.5-6 6-12
L-PLA [74, 101] 37 170-200 55-65 2.7-4.14 15.5-150 3-10 6-12
DL-PLA [74, 101] - Am 50-60 1-3.45 27.6-50 2-10 6-12
PCL [74, 101] - 58-65 -65 -(-60) 0.21-0.44 20.7-42 300-1000 6-12
Am: Amorphous and thus no melting point
Strength degradation time
Fibre Processing
The long degradation period and the tensile properties of L-PLA makes it suitable for the
hip dislocation preventer, where the strength should remain for 3-6 months. If the right
precautions are taken during processing, several different material types can be manufac-
tured from PLA, using various processing techniques such as: film blowing and casting,
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injection moulding, thermoforming, and spinning. The hydrolytic sensitivity of the poly-
mer bonds, makes it very important that there is no moisture present during processing,
as this can reduce the molecular weight, and alter the final polymer properties. By tak-
ing extra precautions during processing, making sure that the polymer is completely dry
before thermal processing, and preventing any contact with moisture during processing
high molecular weights can be obtained [69]. PLA is easily converted into a variety of
fibre forms usable in the medical field, such as monofilament, multifilament, continous
(flat and textured) and stable fibres. The design of hip dislocation preventer uses yarns,
and it is therefore of great importance that the material can be easily processed into fibre
form.
Other than the hydrolyzable backbone, PLA fibres have several attributes that make them
attractive for many traditional applications. They are more hydrophilic that polyethylene
(PET), they have lower density, and have excellent crimp and crimp retention. Further-
more, both shrinkage and thermal bonding temperatures are easily controllable, mak-
ing the implantation behaviour easier to predict, [83]. PLA can be processed into either
monofilament or multifilament fibers. When used in medicine, fibres are currently pro-
cessed using either melt spinning or solution spinning [37, 33, 61]. The technique used
depends on the end polymer, and the desired use of the fibre.
Melt spinning can be used for almost all commercially available biodegradable polymers.
The technique involves heating the polymer to the required melt viscosity, followed by
extrusion of a monofilament fibre. The structure and therefore the material properties of
the fibre is dependent upon the take-up speed, drawing temperature, and the draw ratio,
and these parameters must be optimized depending on the fibre requirement. The main
advantage of the technique is that it is solvent free, more economical, and ecofriendly.
The largest disadvantage is, that melt spinning tends to induce a drop in the molecu-
lar weight of the polymer, due to thermal hydrolysis caused by the high temperatures
needed during the processing.
Solution spinning, on the other hand, does not require the high temperatures that melt-
spinning does. The process is carried out using some type of solvent, which is removed at
a later stage, using either thermal evaporation or inert gas. When the solvent evaporates,
the extruded filaments solidify leaving a fibre structure. Solution spun fibres generally
have better mechanical properties than melt spun fibres, due to the lower processing
temperature used.
The fact that the mechanical properties of the fibres are effected by so many different
things, makes it very important that the material that is chosen for the implant, is thor-
oughly tested, in order to determine the properties of the specific processing settings.
In the following the important theory in the material characterization of L-PLA yarns is
described and the tensile and viscoelastic properties is determined.
4.2 Polymer Biomechanics
Polymers are viscoelastic materials, which means that their material properties are time
dependent. Therefore, in order to characterize them, the viscoelastic behaviour should
be taken into account as well. In the following section the models used to fit the stress
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relaxation and creep results are derived.
4.2.1 General Viscoelastic Models
Viscoelastic materials are often modelled as a combination of a linear elastic solid, and
a linear viscous fluid. The mechanical analogs of the linear elastic solid and the linear
viscous fluid, is a linear spring, and a linear viscous damper (dashpot) respectively. The
response of the spring is characterized by F = k∆, where F is the force, k is the spring
constant, and ∆ is the elongation. In the same way, the response of the dashpot is defined
by F = cd∆dt , where c is the viscosity, and
d∆
dt is the elongation rate. Relating these to
the material parameters for the linear elastic solid and the linear viscous fluid, then F is
equal to the stress σ, ∆ is equal to strain , k is equal to the elastic modulus E, and c is
equal the fluid viscosity µ [107, 103].
Spring: σ = E (4.1)
Dashpot: σ = µ
d
dt
(4.2)
The spring and the dashpot can be combined in numerous ways to describe the time
dependence of different materials. The two most simple combinations are seen in the
Maxwell model and the Kelvin-Voigt model [107, 103]. The Maxwell model is defined as
a spring element in series with a dashpot, see Figure 4.2.
FIGURE 4.2: Maxwell Model [105].
In the Maxwell model it is assumed that the elements experience the same force, and that
the elongations therefore will be additive. Using this assumption, the following constitu-
tive equation can be determined:
d
dt
=
1
E
dσ
dt
+
1
µ
σ (4.3)
The mechanical analog of the Kelvin-Voigt model is a spring in parallel with a dashpot,
see Figure 4.3. In the parallel connection it is assumed that the elements experience the
same elongation, and that the force experienced by each element is additive [107, 103].
From these assumptions, equation 4.4 can be determined:
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FIGURE 4.3: Kelvin-Voigt Model [105].
σ(t) = E+ µ
d
dt
(4.4)
Stress Relaxation
Stress relaxation in a material is introduced by making a instantaneous jump in defor-
mation, and then holding the deformation constant for a period of time. In this case the
strain rate must be zero (ddt = 0) [107, 103].
Maxwell model’s response to stress relaxation
During stress relaxation, the change in strain with respect to time is zero. Inserting ddt = 0
into the Maxwell equation, and solving the ordinary differential equation gives:
σ = C1e
−E
µ t, (4.5)
where C1 is an integration constant, which can be determined using the initial condition
at t = 0+ on the stress. To determine this the Maxwell equation is integrated from t = 0−
to some short time, t = tn, immediately after the strain is applied [107, 103]:
∫ tn
0−
d
dt
dt =
∫ tn
0−
1
E
dσ
dt
dt+
∫ tn
0−
1
µ
σdt
⇓
[(tn)− (0−)] = 1
E
[σ(tn)− σ(0−)] + 1
µ
[σ(tn)tn − σ(0−)0]
(0−) = 0, (tn) = 0, σ(0−) = 0, and σ(t0) = σ0. Furthermore, as an instantaneously
applied strain is approached by ramping up in shorter and shorter times, the following
limit is reached:
tn lim
n→+∞ = 0 (4.6)
Inserting this the following initial conditions can be calculated:
σ(t = 0) = C1 = E0 (4.7)
From this the relaxation response of the Maxwell model is determined:
Maxwell: G(t) = Ee−(E/µ)t = Ee−t/τ (4.8)
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where G(t) = σ/0 is the stress relaxation function, and τ = µE is the relaxation time.
Kelvin-Voigt model’s response to stress relaxation
The same approach is used to determine the initial conditions of the Kelvin-Voigt consti-
tutive equation, as was used to determine the response of the Maxwell model:∫ tn
0−
σdt =
∫ tn
0−
Edt+
∫ tn
0−
µ
d
dt
dt
To apply a limit to the area under the stress versus time curve, and avoid infinite stress,
the dirac delta function (δ) is introduced, and the following initial conditions are deter-
mined:
σ(t) = µ0δ(t) (4.9)
Combining this with equation 4.4 reveals the following stress relaxation response:
Kelvin Voigt: G(t) = E0 + µ0δ(t) (4.10)
Due to the difference in the element connection, the two models model the stress relax-
ation behaviour very differently. The elongation, felt by the two elements in the Maxwell
model, is additive, and the instantaneous increase in strain, will therefore result in an
instantaneous increase in stress dominated by the spring. The delayed response of the
dashpot will result in a gradual decrease in stress, as the dashpot extends, see Figure 4.4.
The Kelvin-Voigt Model, on the other hand assumes that the strain is additive, and the
strain would therefore be limited by the dashpot. The instantaneous increase in strain in
the dashpot would require an infinite stress, and keeping the strain fixed would require
no stress. The stress relaxation response is therefore instantaneous, and the only stress felt
over time is the constant stress felt by the spring in order to keep a constant elongation,
see Figure 4.4.
σ
t
Maxwell Model
σ
t
Kelvin-Voigt Model
FIGURE 4.4: The Stress Relaxation response of the Maxwell model and
the Kelvin-Voigt model.
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Creep
Creep is the ability of the material to respond to a constant stress, by increasing the strain
over time. To simulate creep, an instantaneous increase in stress at t = 0 is applied, which
makes the stress rate equal to zero (dσdt = 0).
Maxwell response to creep
Inserting dσdt = 0 in the Maxwell equation and integrating with respect to time:
(t) =
1
µ
σ0t+ C1 (4.11)
where C1 is a constant of integration. Using the initial condition given by equation 4.7,
the following creep response of the Maxwell model can be found:
Maxwell: J(t) =
1
E
+
1
µ
t = J +
1
µ
t (4.12)
where J(t) = (t)/σ0 is the creep function.
Kelvin-Voigt response to creep
Solving the first order ordinary differential equation to determine the creep response of
the Kelvin-Voigt equation:
(t) =
1
E
σ0 + C1e
−E/µt (4.13)
Since the dashpot cannot move instantaneously, (0) = 0. C1 then becomes:
C1 = −σ0
E
(4.14)
Inserting this reveals the following creep response:
Kelvin-Voigt: J(t) =
1
E
(
1− e−(E/µ)t
)
=
1
E
(
1− e−t/τ
)
(4.15)
In the Maxwell model the instantaneous increase in stress will result in an instantaneous
elongation in the spring, followed by a linear increase in strain over time, due to the
delayed reaction of the dashpot, see Figure 4.5. In the Kelvin-Voigt model, on the other
hand, the strain is limited by the dashpot, so the stress is therefore initially taken up by
the dashpot. As the stress is transferred from the dashpot to the spring over time, the
strain will increase gradually showing creep behaviour, see Figure 4.5.
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FIGURE 4.5: The Creep response of the Maxwell model and the Kelvin-
Voigt model.
In summary, the Maxwell model can be used to describe stress relaxation, but does a poor
job describing creep, whereas the opposite relationship is true for the Kelvin-Voigt model.
4.2.1.1 Generalized Models
Since the Maxwell model and the Kelvin-Voigt model are both very simple, a better repre-
sentation of the time dependent behaviour seen in stress relaxation and creep, would be a
generalized form of the two. The generalized Maxwell is a number of Maxwell elements
in parallel, with a spring, see Figure 4.6, and the generalised Kelvin-Voigt is a series of
Kelvin-Voigt elements in series with a dashpot. In the generalized Maxwell the spring
ensures a solid like behaviour since the Maxwell elements alone behaves as a viscous
fluid, and the dashpot does the opposite to the generalized Kelvin-Voigt model. In the
following the generalized Maxwell is derived, but the Kelvin-Voigt model can be found
using the exact same derivation.
FIGURE 4.6: The Generalized Maxwell model [105].
The notation used in the generalized maxwell depends on the type of strain applied, ten-
sile relaxation is denotedE, shear relaxation is denotedG, and bulk relaxation is denoted
K. In the following we use the tensile notation since this is what is used to describe the
material results. The stress relaxation for the Generalized Maxwell can be determined as:
σ(t) = sEs +
N∑
i=1
iEie
(−t/τi) (4.16)
where the second term is constitutive equation for the spring, and the third term is the
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sum of all the Maxwell elements. It should be noted that Es is the long term modulus,
that is, the modulus once the material is completely relaxed. It is often denoted E∞. To
find the relaxation response of the general Maxwell equation, we insert a constant strain
0:
σ(t) = 0E∞ + 0
N∑
i=1
Eie
−t/τn
The relaxation function E(t) is then given by:
E(t) = E∞ +
N∑
i=1
Eie
−t/τi (4.17)
Equation 4.20 is commonly referred to as a Relaxation Prony Series. An alternative form
can be found using the following relationship:
E(0) = E0 = E∞ +
N∑
i=1
Ei,
⇓ (4.18)
E(t) = E0 −
N∑
i=1
Ei
(
1− e−t/τi
)
(4.19)
The same type of series can be derived from the generalized Kelvin Kelvin-Voigt:
The compliance function J(t) is then given by:
J(t) = J∞ −
N∑
i=1
Jie
−t/τi (4.20)
which gives the following Compliance Prony Series:
J(t) = J0 +
N∑
i=1
Ji
(
1− e−t/τi
)
(4.21)
The Relaxation Prony Series will be used to describe the stress relaxation response, whereas
the Compliance Prony Series will be used to describe the creep response.
Chapter5
Characterization of Poly -L-lactic acid
Yarns
5.1 Materials and Methods
Materials
From the strength degradation profile, and the material properties, poly-L-lactic acid (L-
PLA) was chosen as an appropriate material (see Section 4.1.1). L-PLA is biodegradable,
biocompatible and can be designed to retain its strength over the critical six month inter-
val. To determine the material properties of L-PLA yarns during a six month degradation
period, uniaxial tensile tests were performed on yarns from NatureWorks LLC®.
Specimen Preparation
The yarn specimens were kept in individual test tubes, soaked in phosphate buffered
saline at 37◦C for one to six months. Since it is difficult to estimate the fluid flow in
the joint, it is difficult to determine how effective the removal of the degradation prod-
ucts from the implant would be. It was therefore, decided not to change the phosphate
buffered saline in the test tubes, in order to achieve the largest possible degradation, due
to the more acidic environment.
Apparatus and test setup
The tests were performed using an electromechanical testing machine (Instron 88R 1362)
with a 250 N and a 50 N load cell. The strain measurements were done with a laser
extensometer. All data sampling were done with Wavematrix (Instron®), and the data
processing was done with the numerical package Matlab©, and the statistical package
R. The tests were performed using grips designed specially for yarn testing, see Figure
5.1. It was assumed that all the samples had the same cross sectional area, and a mean
measurement from 5 different dry samples, was used to determine the cross sectional
area for all specimens. The measurement were done on a Mitutoyo LSM-500S Laser scan
micrometer measuring unit, and the diameter was estimated to be 0.52 mm.
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FIGURE 5.1: The grips used in the test setup.
Three different types of tests were performed: Uniaxial tensile tests at two different load-
ing rates, stress relaxation tests, and creep tests. All test types were performed with ap-
proximately one month increments over a six month period. The uniaxial tensile tests
were performed using two different deformation rates, 0.1 mm/s and 1 mm/s, corre-
sponding to strain rates of approximate 0.1 %/s and 1 %/s.
When doing uniaxial testing of the L-PLA yarns, there will be an initial strain region
where the increase in stress is slow compared to the increase in strain. This can be ex-
plained by initial uncoiling of the individual fibres in the yarn. Since the amount of fibre
coil is difficult to control from specimen to specimen, the specimens were subjected to
three preloading cycles going from 2 N to 7 N. The preloading was used to create a well
defined point of origo at 2 N, and the interval was chosen such that it was well within
the elastic region of the polymer. After preloading the uniaxial tensile specimens were
pulled until failure.
During the stress relaxation test and the creep test, the specimens were initially preloaded
between 2 N and 5 N to create a well defined point of origo. After the preloading cycles
the specimens were instantaneously pulled to a displacement within the elastic region,
corresponding to 7 N for the relaxation test where the position was held constant for
180 minutes. The preloading interval was different than that chosen during the uniaxial
tensile test due to the 7 N displacement level. During the creep test the specimens were
pulled instantaneously to 7 N and kept a this load for 180 minutes.
The specimen was mounted in the grips of the test machine. The displacement was cal-
culated using a laser extensometer measuring the difference between two white strips
taped to the sample, see Figure 5.1.
Data Analysis
Tensile Test
The stress versus strain results from the uniaxial tensile test were used to calculate the
elastic modulus, the yield stress, and the maximum tensile strength and strain.
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The Elastic modulus was defined as the slope of the linear part, of a predefined stress
region, in the stress strain plots. The stress region was defined as 20-30 MPa for the spec-
imen tested at the low loading rate, and 20-40 MPa for the specimens tested at the high
loading rate. In order to determine the yield stress, the stress strain curves were moved
vertically along the strain axis. The new strain was determined such that the linear line,
with the same slope as the elastic modulus, would intersect in origo. After the translation
the yield stress was calculated as the intersection between the stress strain plot, and a
linear line with the same slope as the elastic modulus, intersecting in 0.2 % strain. The
maximum tensile strength and strain was determined as the maximum value reached
before failure of the yarn.
Time Dependent Test
Since L-PLA is a viscoelastic material, the time dependent behaviour can be described
by the Prony factors derived from the stress relaxation curve, and the creep curve. The
Prony factors were determined by fitting the Relaxation Prony Series and the Compliance
Prony Series to the stress relaxation and creep data respectively.
Statistics
The data from the uniaxial tensile tests were analysed using a two way ANOVA. All
analysis was done using the statistical software R. The Grubb test for outliers was used
to detect outliers.
5.2 Results of the Material Characterization
5.2.1 Tensile Results
In Figure 5.2 examples of the general result of the stress versus strain plots for the yarn
samples are shown. The results are done on samples that have not been subjected to
degradation, and the uniaxial tensile test was done, using the slow deformation rate of
0.1 mm/s. In the plot the point where the yield stress is measured have been marked
by black circles. It can be seen, that the results between the different samples generally
correspond well to each other, and that the plots look very similar.
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FIGURE 5.2: Stress strain curve at zero months pulled at 0.1 mm/s.
The yield stress for each yarn sample is marked by a black ring.
Looking at the plots, it can be seen that there are points on the curves where there is an
large drop in stress, with only a small decrease in the strain. The reason for this is not
completely clear, but it could be explained by the failure of individual fibres, or small
fibre bundles. From the plot it can be seen, that after the drop the loading increases again
until it reaches the same level as it had before the drop. If the reason behind the behaviour
is a fibre failure, then it would be reasonable to assume that the fibre/bundle that failed
were insignificant compared to the whole yarn, since the load was able to increase to
the same level as before the drop. The yarns are made up of six L-PLA fibre bundles,
that have been through a yarn twisting machine to create a thicker yarn. This means, that
there might be fibres and fibre bundles that are less twisted than the rest, and these would
start carrying load before the rest of the fibre/fibre bundles in the yarn. The fact that the
load returns to the same level, makes it reasonable to conclude that the load drops does
not have a significant effect on the material properties.
In order to picture the change in the stress versus strain during the six months, a repre-
sentative of the stress versus strain curve was calculated. Since the plots generally look
very similar, the representative plot was made by taking the mean of the stress and the
strain at each time point, and then plotting this. In Figure 5.3 the mean representative of
the yarn stress versus strain curves at zero months is shown. It should be noted, that the
representative curve can be used to compare the results from different degradation times
visually, but the general results are obtained from all the plots. All results including the
mean representative plots are shown in Appendix A.
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FIGURE 5.3: Stress strain curve at zero months pulled at 0.1 mm/s.
The mean representative of the stress versus strain curves for the four
yarn samples is shown as the bold curve.
In Figure 5.4 and 5.5 the mean representative off all samples, at each month, is shown for
both deformation rates.
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FIGURE 5.4: Mean representative of the stress strain curves for all
months pulled at 0.1 mm/s.
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FIGURE 5.5: Mean representative of the stress strain curves for all
months pulled at 1 mm/s.
It can be seen, that overall the size and shape of the curves at the different degradation
times are very similar, indicating that even after six months the effect of the degradation
on the material, is not very pronounced. In order to compare the results the mean elastic
modulus, mean yield stress, mean stress at break, and mean strain at break was calculated
for each month. The values can be seen in Table 5.1.
TABLE 5.1: Mean Elastic Modulus and Yield Stress
0.1 mm/s 1 mm/s
Month Elastic Yield Breaking Breaking Elastic Yield Breaking Breaking
Modulus Stress Strain Stress Modulus Stress Strain Stress
[GPa] Stress [MPa] [%] [MPa] [GPa] Stress [MPa] [%] [MPa]
0 3.1 (0.6) 47 (2.0) 25 (1.0) 128 (6.0) 2.7 (0.2) 51 (1.0) 27 (4.0) 149 (5.0)
1 2.7 (0.3) 46 (3.0) 29 (2.0) 115 (7.0) 2.5 (0.3) 50 (2.0) 33 (6.0) 138 (2.0)
2 2.4 (0.2) 41 (0.7) 27 (1.0) 100 (2.0) 2.2 (0.2) 47 (1.0) 26 (3.0) 123 (7.0)
3 2.6 (0.4) 44 (2.0) 26 (7.0) 93 (13.0) 2.4 (0.3) 48 (2.0) 28 (2.0) 122 (6.0)
4 2.7 (0.5) 46 (1.0) 27 (3.0) 100 (3.0) 2.7 (0.4) 53 (1.0) 26 (2.0) 127 (6.0)
5 3.3 (0.8) 46 (2.0) 24 (3.0) 99 (4.0) 2.8 (0.3) 52 (1.0) 28 (1.0) 117 (4.0)
6 2.4 (1.0) 46 (4.0) 26 (7.0) 93 (5.0) 2.3 (0.3) 53 (2.0) 27 (3.0) 112 (4.0)
In Figure 5.6 an example of the deformation rate dependency is shown for zero months
degradation. In Figure 5.7 the deformation rate dependency is illustrated for all months,
with a mean representative of each month.
CHAPTER 5. CHARACTERIZATION OF POLY -L-LACTIC ACID YARNS 59
0 5 10 15 20 25 30 35
0
20
40
60
80
100
120
140
Strain [%]
St
re
ss
 [M
pa
]
Zero months − Different speeds
 
 
0.1mm/s
1mm/s
(A)
0 5 10 15 20 25 30
0
20
40
60
80
100
120
140
Strain [%]
St
re
ss
 [M
pa
]
Zero months − Different Speeds − Mean Representative of plots
 
 
0.1mm/s
1mm/s
(B)
FIGURE 5.6: Plots showing the deformation rate dependency at zero
months. Blue plots represent 0.1 mm/s and red plots represent 1 mm/s.
A) Results of all specimens at zero months B) Mean representative of
the results.
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FIGURE 5.7: Mean representative of the stress strain curves for all
months pulled at 0.1 mm/s (blue) and 1 mm/s (red).
In Figure 5.8 the mean of the elastic modulus of each month is shown for both the slow
and fast deformation rate.
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FIGURE 5.8: The mean elastic modulus at the two different deforma-
tion rates A) 0.1 mm/s B) 1 mm/s.
The plot shows a small decrease in the elastic modulus from zero to two months, followed
by an small increase until five months, and then finally a decrease at six months. The
largest differences in elastic modulus (eg. 0-2 month, 2-5 months and 5-6 months) was
found statistically significant (α = 0.05).
In Figure 5.9 the yield stress at 0.2% is shown for both deformation rates.
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FIGURE 5.9: The mean yield stress at the two different deformation
rates A) 0.1 mm/s B) 1 mm/s.
In Figure 5.9 it can be seen, that the tendency seen in the results from the elastic modulus,
is evident in the results for the yield stress as well. The statistical analysis show that
month 2 and 3 are significantly different from the rest of the months. The deformation rate
was found to have a significant effect on the yield stress, such that a higher deformation
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rate gave a higher yield stress (α = 0.05).
In Figure 5.10 the mean strain at break for all months, at the two deformation rates, is
shown.
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FIGURE 5.10: The mean strain at break at the two different deforma-
tion rates A) 0.1 mm/s B) 1 mm/s.
From Figure 5.10 it can be seen that the mean strain at break remains relatively constant
over time for both deformation rates, which is supported by the statistical results. Neither
age nor deformation rate was found to have a significant effect on the strain at break
(α = 0.05).
Figure 5.11 show the mean stress at break for all months at the two different deformation
rates.
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FIGURE 5.11: The mean stress at break at the two different deforma-
tion rates A) 0.1 mm/s B) 1 mm/s.
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From Figure 5.11 it can be seen that there is a gradual decrease in the stress at break over
time. The statistics showed a significant difference between months 1 and 2, and the rest
of the months. Furthermore, the speed was found to have a significant effect on the stress
at break for the L-PLA yarns.
5.2.1.1 Discussion of Tensile Results
The results obtained from the uniaxial tensile tests generally show that the six months
in vitro degradation have a very limited effect on the tensile properties of the yarns. The
elastic modulus and the yield stress remain relatively constant at both deformation rates.
The elastic modulus was found to lie between 2.4 GPa and 3.3 GPa for the slow deforma-
tion rate, and 2.2 GPa and 2.8 GPa for the fast deformation rate. The difference between
the two deformation rates was not found significant, however the general tendency was
that the elastic modulus at the slow deformation rate was higher than the elastic mod-
ulus at the high deformation rate. The reason for this could be, that the temperature in
the specimens has more time to stabilize to room temperature, compared the fast defor-
mation rate. Earlier studies have shown, that PLA generally is highly dependent on the
temperature, and that lowering the temperature increases the stiffness, since the internal
macrostructure in the polymer becomes more organized, and more crystalline [100, 87,
107]. Furthermore, when doing the uniaxial tensile tests at the low deformation rate, the
specimen has more time to dry out, which would also increase the stiffness. However,
the elastic modulus found in this study, corresponds well to those found in the literature,
where the modulus has been reported to lie somewhere between 2 and 4 GPa depending
on the processing. The yield stress was found to lie between 41-47 MPa for the low de-
formation rate, and between 47-53 MPa for the high deformation rate. The deformations
rates was found to have a significant effect on the yield stress. This corresponds well to
the results found in the literature, where it has been shown that L-PLA generally exhibits
strain rate softening which has a big effect on the yield stress, but does not effect the elas-
tic modulus very much, [100]. Van Bremen et al [100] did compressive tests of L-PLA at
different deformations rates, and they found that, increasing the deformation rate by a
factor 10, gave an increase in the yield stress of approximately 20%. The same tendency
was seen by Rezgui et al [87] who found that the yield stress was much more strain rate
sensitive, in PLA compared to PCL. In this project it was found that increasing the defor-
mation rate by a factor 10, increased the yield stress by approximately 9-15%, depending
on the month. The reason for this can probably be found in the thermal softening due to
adiabatic heating [100]. Nadzadi et al investigated the kinematics of the most common
movements associated with dislocations. They found that a movement like getting up
from a low or high chair was done at angular rates of approximately 50◦/s. Comparing
this to the change in strain of the implant calculated in Chapter 3, would amount to a
strain rate of approximately 20% /s. This is probably an over estimation, but it still indi-
cates that the strain rates that the device would experience, would be much larger than
what was used in the uniaxial tensile tests, where the strain rate was 1%/s at the highest
deformation rate. In this study the difference in the strain rates was only a factor 10, and
further tests would have to be made to investigate the effect of higher strain rates. Fur-
thermore, the effect of strain rate might be different when the yarns are incorporated into
a mesh, which should also be investigated further. However, since the strain rate only
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increases the yield stress, this would mean that the device would have a larger elastic
region, which would definitely be beneficial.
There seem to be an initial drop in the elastic modulus and in the yield stress for both
the slow and the fast deformation rate, the reason for this is not known, but due to the
lack of data points, it can be difficult to determine if this is a genuine material property,
or just fluctuations in the data. In a study conducted by Yuan et al [111], investigating
the in vitro degradation of L-PLA fibres in phosphate buffered saline, similar fluctua-
tions in the elastic modulus was found. Their results also show a small decrease in the
elastic modulus in the initial weeks, but the general tendency found across several weeks
was that the modulus remains constant up until around 20 weeks, after which it starts to
slowly decline. The initial decrease in elastic modulus could be explained by the change
in water uptake. The water absorption rate is generally larger during the first few weeks,
after which it will decline until it becomes almost constant [8, 85]. In a study done by
Akil et al [4] the effect of water absorption on the tensile properties of polyester compos-
ites was investigated. They found that an increase in the water absorption, resulted in an
decrease in the elastic modulus. The initial drop could be explained by the fact that the
water molecules can fill into cracks within the yarns, and thereby act as a plasticizer [4].
However, as mentioned above the lack of data makes it difficult to make any strong con-
clusion, and the large variability in the data, makes it more difficult to detect differences
using statistics. If a more accurate analysis should be obtained, more tests would have to
be made at each time point, and a longer study would be necessary.
At both deformation speeds a significant decline in the elastic modulus was seen between
month 5 and 6, which corresponds well to the fact that the degradation should start to
have an impact on the material at this time. This was also confirmed by the statistical
analysis. Previous studies of L-PLA have shown a gradual decline in strength after ap-
proximately 6 months, but full absorption of the material takes much longer. The mean
stress at break found in this study show a gradual decline during the 6 month period in
the phosphate buffered saline. There is a decline of approximately 25% between the ini-
tial tests, and the tests at 6 months for both deformation rates, which was found highly
significant. If the ultimate tensile strength is of importance in the function of the implant,
this is something that should be considered very carefully when using L-PLA yarns. The
function of the hip dislocation preventer makes it desirable, that the elongation of the
yarns remain within the elastic region. In this case, the yield stress and the elastic mod-
ulus is of much greater interest. There is no notable difference in the yield stress of the
L-PLA yarns between month 0 and month 6, which makes it reasonable to conclude that
the elastic region remain constant during the critical 6 month period. The elastic modu-
lus, on the other hand, does show an overall decline between month 0 and 6. At the slow
deformation rate the change is approximately 22%, and at the fast deformation rate it is
close to 13%. This indicate that the implant will become less stiff and more compliable,
which could mean that it would provide less resistance against a possible dislocation.
However, since the implant is only meant to provide a high degree of resistance in the
first few months, the overall decline in stiffness will not have an effect on the function.
The initial decline in both the elastic modulus should however be taken into account, and
the reason behind this should be investigated further. The results also showed that the
strain at break remained relatively constant at around 25%. Even though the implant de-
sign should prevent the material from being strained beyond the elastic region, the fact
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that the yarn can stretch far beyond this point without breaking, makes it less probable
that it will restrain the movement of the hip too much, or that it will fail due to breakage
of the fibres.
5.2.2 Viscoelastic Results
5.2.2.1 Stress Relaxation
In Figure 5.12 an example of the general result of the normalized stress relaxation re-
sponse for the yarn samples is shown. The results are done on samples that have not
been subjected to degradation.
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FIGURE 5.12: The normalized stress relaxation response at zero
months.
Each stress relaxation plot was fitted using the Prony form of the Generalized Maxwell
Equation derived in section 4.2. Figure 5.13 shows an example of the Prony fit made using
two Prony sets.
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FIGURE 5.13: The normalized stress relaxation for test 1 at month
zero (blue), along with the Prony fit using two Prony sets (dotted black
line).
From Figure 5.13, it can be seen that the fit is not completely accurate in the beginning,
but rather than improving the fit by adding more Prony sets, and thereby making it more
complex, this was chosen to be acceptable.
In order to get comparable results, each fit was done using the same time constants: τ1 =
115s and τ2 = 2500s. The results of all tests from month zero, using these time constants,
are shown in Figure 5.14.
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FIGURE 5.14: Normalized stress relaxation for all tests at month zero,
along with the individual Prony fits. The Prony fit is done using two
Prony sets, with the same time constants: τ1 = 115s and τ2 = 2500s,
and is shown as the dotted black lines.
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It can be seen that test 5 differers from the rest of the tests, which could indicate that this
was an outlier. In order to determine if this was the case, a Grubb outlier test was done
on the resulting Prony factors. If the data was found to be an outlier using a significance
level of 0.05, it was excluded in the modified data. The mean and the standard deviation
of both the original data and the modified is shown in Table 5.2. The data marked by a
star is data where possible outliers have been removed.
TABLE 5.2: Mean Prony Factors - Stress Relaxation.
Month τ1 [s] E1 τ2 [s] E2
0 115 0.28 (0.03) 2500 0.11 (0.01)
0* 115 0.29 (0.01) 2500 0.11 (0.01)
1 115 0.25 (0.07) 2500 0.11 (0.01)
2 115 0.20 (0.03) 2500 0.15 (0.01)
3 115 0.20 (0.06) 2500 1.3 (0.2)
4 115 0.22 (0.05) 2500 0.12 (0.02)
5 115 0.18 (0.05) 2500 0.12 (0.009)
6 115 0.29 (0.1) 2500 0.073 (0.02)
6 * 115 0.35 (0.04) 2500 0.083 (0.01)
*Modified Data
In order to visualize the difference in stress relaxation, the mean Prony sets for each
month was used in the general Maxwell equation, to construct a mean representative
stress relaxation curve for each month. In Figure 5.15 the mean stress relaxation for each
month, using the Prony parameters, is depicted.
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FIGURE 5.15: Mean Normalized stress relaxation for all months, con-
structed using the Prony parameters seen in Table 5.2.
It can be seen that compared to the rest of the months, the data obtained in month 3
should be considered an outlier, which the results of the Grubb outlier test also con-
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firmed. A closer look at the data revealed that there was a small overshoot during the
instantaneous increase to 7 N in month 3, after which the machine tries to stabilize the
position and reach 7 N. This would explain the large stress relaxation, since the overshoot
would result in a higher initial stress, and as the machine lovers the load to reach the 7
N, the stress relaxation would be much more pronounced. The tensile machine gener-
ally had some difficulties with the load control, which had to be adjusted via different
settings each month, before the time dependent tests could be performed. Unfortunately
the settings were not the same from month to month, making them difficult to control.
The stress relaxation tests were less affected than the creep test, because the creep tests
were load controlled. Discarding the data from month 3, and using the modified data
from Table 5.2 gives the following result for the stress relaxation.
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FIGURE 5.16: Mean Normalized stress relaxation for all months, with-
out the data considered to be outliers.
Figure 5.16 shows a tendency of an increase in the stress relaxation of the material from
month zero to month 5, after which there is a sharp decline in the stress relaxation. The
results from all months can be found in Appendix B.
To better illustrate the change in the Prony Parameters over time, Figure 5.17a and Figure
5.17b show E1 and E2 as a function of time (months) for both the original data and the
data without the outliers.
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FIGURE 5.17: The Prony Parameters (E1 and E2) for the stress relax-
ation results. A) Original data. B) Data without outliers.
Figure 5.17b show that E1 decreases from month 0 to month 5, after which it increases.
Time was not found to have an significant effect on E1, which again can be explained by
the lack of data and the large variance. The statistical analysis did however, find that time
had a significant effect on E2, but the variance in E2 is much smaller, making it easier to
detect differences statistically.
5.2.2.2 Creep
In Figure 5.18 the normalized creep response for the yarn samples at zero months is
shown.
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FIGURE 5.18: The normalized creep response at zero months.
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The Prony form of the Generalized Kelvin-Voigt model is used to fit the creep data. Figure
5.19 shows an example of the Prony fit on the data from a representative specimen at zero
months. The fit was made using two sets of Prony parameters. From the plot it can be
seen that the Generalized Kelvin-Voigt model, using two sets of Prony parameters, gives
a very nice fit.
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FIGURE 5.19: Normalized stress relaxation for test 1 at zero months
(blue). The Prony fit using two Prony sets is shown as the dotted black
line
In order to get comparable results, each fit was done using the same time constants: τ1 =
115s and τ2 = 2500s. The results of all tests from month zero using these time constants
are shown in Figure 5.20
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FIGURE 5.20: Normalized stress relaxation for test 1 at zero months
along with the individual Prony fits. The Prony fit using two Prony
sets, with the same time constants: τ1 = 520s and τ2 = 4500s is
shown as the dotted black lines.
From Figure 5.20 it can be seen, that there is a much larger variance in the creep data,
and that there generally seem to be to curve types. Month 0, 1, 4, and, 6 all exhibit a
fast initial creep response, but reaches their equilibrium faster. Month 2, 3, and 5, show a
more gradual initial creep, when seen in relation with their equilibrium, which is reached
much later. As mentioned above, there was some difficulties with the settings in the load
control. Looking more closely at the data it was found that the tests performed in month
2, 3, and 5 all experienced a load undershoot (month 5, less than month 2 and 3), which
means that since the initial ramping of the load results in a less than the specified level,
the load would continue to increase until it reaches the desired level. This would affect
the initial creep behaviour of the material, which again would have a great effect on the
results.
In Table 5.3 the mean and standard deviation of the Prony parameters are shown for each
month. The data marked by a star, is the data where possible outliers have been removed
using Grubbs outlier test.
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TABLE 5.3: Mean Prony Factors - Creep.
Month τ1 [s] J1 τ2 [s] J2
0 500 0.16 (0.04) 7000 0.34 (0.08)
1 500 0.11 (0.05) 7000 0.28 (0.05)
1* 500 0.10 (0.05) 7000 0.26 (0.05)
2 500 0.13 (0.05) 7000 1.1 (0.6)
2* 500 0.13 (0.03) 4500 1.4 (0.03)
3 500 0.054 (0.04) 7000 0.94 ( 0.18)
4 500 0.061 (0.02) 7000 0.31 (0.07)
5 500 0.02 (0.04) 7000 0.48 (0.24)
5* 500 0.05 (0.05) 7000 0.31 (0.02)
6 500 0.0079 (0.003) 7000 0.02 (0.0097)
*Modified Data
In order to visualize the difference in creep, the mean Prony Parameters for each month
were used in the Generalized Kelvin-Voigt equation to construct a mean creep curve for
each month, the results can be seen in Figure 5.21.
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FIGURE 5.21: Mean Normalized Creep for all months, constructed
using the mean Prony parameters seen in Table 5.3.
Figure 5.22 shows the mean representative of the creep data disregarding the data that
was found to be outliers using the Grubb Outlier Test.
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FIGURE 5.22: Mean normalized creep for all months without the data
considered to be outliers.
To better illustrate the change in the Prony Parameters over time, Figure 5.23a and Figure
5.23b show J1 and J2 as a function of time (months) for both the original data, and the
data without the outliers.
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FIGURE 5.23: The Prony Parameters (J1 and J2) for the creep results.
a) original data b) data without outliers.
From Figure 5.23b it can be seen that J1 remains relatively constant, whereas J2 varies
much more. Age was found to have a significant effect on both J1 and J2, but the large
variance in data at certain months, makes it difficult to use the statistics to draw conclu-
sions. The results from month 2 (red), 3 (green), and 6 (yellow) in Figure 5.22 and Figure
5.23 appear to be outliers, but this could not be confirmed by the outlier test. The results
of the creep test performed in month six did show a high degree of noise, which could
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explain the difference, see Appendix B
5.2.2.3 Discussion of Viscoelastic Results
Stress Relaxation
From the results seen in Figure 5.14 and Figure 5.17b it can be seen that the relaxation
behaviour of the L-PLA yarns, changes from month to month, and that the yarns seem to
experience a more pronounced relaxation at the end of the 6 months. At six months there
is an increase inE1, which indicate that the initial stress relaxation is more pronounced in
the yarns, after 6 months in vitro degradation. This corresponds very well to the results
found in the uniaxial tensile tests, where a drop in the elastic modulus occurred between
5 and 6 months. A stiff material, would exhibit a small initial relaxation, compared to a
less stiff material. The increased relaxation indicates that the yarns have become more
compliant, and more viscous. If the material is subjected to a instantaneous increase in
elongation, it will release the tension much faster, and more readily at 6 months than at
1 month. From month 0 to 5 the tendency seem to be, that the initial stress relaxation
decreases, which would indicate that the material releases the tension less effective. This
is however, not supported by the uniaxial tensile results, but once again due to the lack of
data points, and the large variation in data, it is difficult to determine, if the data actually
remains relatively constant up until the six month mark. From Figure 5.17b it can also be
seen that E2 remain relatively constant, which makes sense, since the relaxation profile
of the yarns is highly similar, after the initial drop in stress. This shows that the yarns
reaches an equilibrium relatively fast, after which the stress is held relatively constant.
If the material is to be used in the implant, the stress relaxation can have a big impact
on the function. If the material relaxes to fast, it will loose some of the ability to hold
back the head of the implant during subluxation. Several of the movements that should
be avoided after a THA involves sitting down. In this situation the material would be
subjected to a constant elongation, and it would be problematic to have to much stress
relaxation. In order to get a better picture of the stress relaxation and the effect it would
have on the implant, further studies should be conducted.
Creep
The results of the creep experiments show a much larger variation in the data, than what
was seen in the stress relaxation experiments. The reason for this could be, that the ma-
chine used to perform the test, is much more stable in position control, as is used in stress
relaxation. It is therefore more likely, that there will be more noise in the creep results.
Comparing Figure 5.22 and Figure 5.23b it is evident that month 2 and 3 differs from the
rest, and should probably be considered as outliers, due to the difficulties with the load
control. However, the Grubb test for outliers did not detect this. Even though month 5
does not present as an obvious outlier, it is still different from the rest, and excluding
month 2, and 3 would require that month 5 should be excluded as well. As mentioned
earlier, the tests from month 2, 3, and 5 all have a stress undershoot, during the initial load
increase, which could explain why they look different from the rest. The results show that
at month six there is very little creep, which would indicate that the material has become
very stiff and does not elongate very easily. This does not correspond to the results found
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in both the uniaxial tensile tests and the stress relaxation test, where the general tendency
is that the material becomes less stiff, and more compliant when it starts degrading. This
could indicate that month six is also an outlier, but further tests should be conducted to
investigate if this is correct. If we look at the results in Figure 5.22 without considering
months 2, 3, 5 and 6, it looks as if there is a decrease in creep from month 0 to month
1, after which it remains relatively constant. This would be more in accordance with the
results from the stress relaxation tests. However three data points is not enough to draw
any conclusions, and further studies should be conducted to determine if biodegradable
yarns do become less viscous in the initial degradation period. To the authors knowl-
edge, no study have been done on the subject at this time, and the stress relaxation and
the creep response of the L-PLA yarns should, therefore, be studied further using more
specimens, and a more stable testing machine.
5.2.3 Summary
The uniaxial tensile test generally show very little change in the elastic modulus, yield
stress, and mean strain at break, during the first 5 to 6 months. A larger number of exper-
iments, and a longer degradation period is required in order to determine of the small
changes in the properties is general property of the material. The stress at break was
found to gradually decrease during the 6 month, which corresponds well to the findings
in the literature. The yield stress and the stress at break was found to be very dependent
on the strain rate, which corresponds well to previous findings. The fact that the material
does not degrade very much, indicates that it would be suitable as a material in the hip
dislocation preventer, however, since the degradation could be larger in vivo, a prototype
would have to be developed and tested.
Both the stress relaxation and the creep test show that there is a change in the material
in the initial degradation period, and the results could indicate that the material experi-
ences less relaxation, and creep a month after the in vitro degradation period. However,
as with the tensile results, more tests are needed to determine if this observation is cor-
rect. If it is correct, it would be beneficial with regards to the implant, since the first few
months are the period where the dislocation happens most easily, and a large creep or
stress relaxation response, could mean that the material deforms too much under con-
stant elongation or load, which would make it easier to dislocate.
Chapter6
Model
6.1 Orthogonal Plain Weave Modelling
As could be seen in the previous section, the material properties of the L-PLA yarns alone,
do not match the requirements of the hip dislocation preventer. In order to increase the
elasticity and strength of the device, the L-PLA yarns can weaved into a mesh like tex-
tile fabric. Weaved fabrics have become very popular in recent years. The many types
of weaves makes it possible to create different fabric types, with different material prop-
erties, depending on the intended use. The orthogonal plain weave is one of the most
common type of weave due to the simple structure, and favourable mechanical prop-
erties. The mechanical behaviour of these structures, is complex due to the interactions
between yarns, combined with the individual material properties of the yarns, making
the material properties of the fabric anisotropic, and inhomogeneous in nature. Several
models have been developed to predict the fabric behaviour, as well as the response of
the individual yarns at the mesostructural level, but due to the wide range of application
areas, the model assumptions and complexity vary greatly [54].
A typical plain weave fabric configuration can be seen in Figure 6.1.
WEFT
WARP
FIGURE 6.1: Plain weave structure. Weft is yarn in the transverse
direction, and warp is the yarn in the longitudinal direction [96].
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In a mesostructural analytical model, the mechanical response of the structure is mod-
elled using mathematical relations. One of the earliest mesostructural based analytical
models describing plain woven fabric was proposed by Pierce et al in 1937 [20]. He pro-
posed the geometry seen in Figure 6.2. In the model the yarns were assumed to be in-
compressible and circular in cross section, but perfectly flexible. From the Pierce model
the thread spacing, weave crimp, weave angle and fabric thickness can be found, and
this model has laid the groundwork for several models, where the geometry has been
modified, to attain a more realistic mechanical response.
FIGURE 6.2: The unit cell geometry of a simple plain weave proposed
by Peirce (1937) [20].
In 1973 Kawabata et al [46, 47] proposed a simple model of the plain weave [54]. The
model are based on the geometry proposed by Peirce, but the general representation is
different using a pin-joint truss geometry, which gives a 3D structure, see Figure 6.3. Un-
like Pierce, Kawabata found a simple way of incorporating the compressibility of the
yarns, making the result more realistic. The computational technology has advanced
greatly since the first plain weave models were proposed, but several models still the
structure proposed by Kawabata to develop more complex models, better describing the
deformation behaviour of the plain weave. Several models have been developed in re-
cent years, some building on the concepts proposed by Pierce and Kawabata, some using
the technologies awailable now such as finite element modeling. They generally give a
great representation of the fabric behaviour, but increasing the complexity of a model,
increases the computational time, while also making the results obtained more complex,
and perhaps more difficult to interpret. In this project it was therefore decided that the
simple model proposed by Kawabata et al, using a few modifications, could be used to
answer the following question: Could a plain weave design meet the requirements of the
hip dislocation preventer using L-PLA yarns? In order to answer this, the model pro-
posed by Kawabata et al describing biaxial deformation of a plain weave, was modified
to describe the deformation of a L-PLA plain weave in a viscous environment. Further-
more, the theory was used to develop a simple model to describe the shear deformation
of a plain weave. The two different elongation scenarios can be used to determine the
optimal directionality of the weave, with regards to the requirements needed of the de-
vise. The weave can be positioned such that the main direction of elongation is in the
direction of the yarns (biaxial elongation), in this case the devise would have to be in
the shape of a half cone, in order to maintain the weave integrity. The devise can also be
positioned such that the main direction is angled between the two yarn directions, which
is defined as shear deformation. In this case both the cone and the half cone would be a
possibility. In order to get a full analysis of the elongation behaviour of the plain weave,
both elongation scenarios are investigated to determine which would meet the devise
requirements.
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6.2 Kawabata Plain Weave Model
6.2.1 Biaxial Elongation
In biaxial elongation the weave is either pulled in both the warp and weft direction, or
one direction is held constant, while the other direction is extended. The biaxial theory,
which is the cornerstone in Kawabata et al’s model, is later modified to be used in the
shear elongation theory, and it is therefore presented in the next section along with the
modifications made for it to be applicable to the specific problem. The model is based on
a simple pin-joined truss geometry, see Figure 6.3.
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FIGURE 6.3: The unit cell geometry of a simple plain weave proposed
by Kawabata et al (1973) [46].
6.2.1.1 General Model Assumptions, Parameters and Equations
The model proposed by Kawabata et al [46, 47] is thoroughly described in the literature.
However, in this section a short introduction to the modified structure, and the assump-
tions made, are given to better understand the results. In the model the warp and weft
yarns are represented by straight lines, bend in two points p1 and p2. A rectangular co-
ordinate system is chosen such that the x1-axis goes along the neutral line of the warp
direction, and the x2-axis goes along the neutral line of the weft direction. The model
assumes that the following constants are given:
n1 =The warp-yarn density in the undeformed state (number of ends/m)
n2 =The weft-yarn density in the undeformed state (number of ends/m)
r1 =The initial radius of the warp-yarn, assuming that there is no
yarn compression in the relaxed state
r2 =The initial radius of the weft-yarn, assuming that there is no
yarn compression in the relaxed state
From the above, the following structural constants can be calculated using the geometry
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seen in 6.3:
y01 =
1
n2
, l01 =
√
y201 + 4r
2
1 , θ01 = sin
−1
(
y01
l01
)
y02 =
1
n1
, l02 =
√
y202 + 4r
2
2 , θ02 = sin
−1
(
y02
l02
)
y01 and y02 are the distances between two warp yarns, and two weft yarns respectively,
l01 and l02 are the the length of the yarns in the warp and weft direction, and θ01 and θ02
are the initial inclination angle of the warp and weft yarns, see Figure 6.3.
The number of ends per cm (n1 and n2) are directly affected by the radius of the yarns
(r1 and r2). In order to determine the maximum number of ends in a close packed weave
where there is no compression of the yarns, the following definition was determined from
the geometry in Figure 6.4. It was assumed that the yarn were circular in cross section,
and that they were incompressible.
r_2
r_1
L1
L2
L3
A
FIGURE 6.4: Closed packed structure used to calculate the maximum
ends/cm as a function of r1 and r2. L1 + r2 is equal to the length
required to have one warp yarn interlaced by one weft yarn.
L2 = 2r1 + 2r2
L3 = r1 + r2
L1 =
√
3 (r1 + r2)
Using basic Pythagoras the L1 + r2, having the unit of cm/end. The maximum ends/cm
is given by the inverse of this result:
n1max =
1√
3 (r1 + r2)
n2max =
1√
3 (r1 + r2)
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In Figure 6.5b the mechanical model of the unit structure is shown. In the model the ten-
sile properties of the warp and weft yarns are replaced by block A1 and A2 respectively,
and the lateral compressive properties are represented by block B1 and B2 respectively.
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FIGURE 6.5: The unit structure proposed by Kawabata et al. A) The
deformed state. B) Notation corresponding to forces and tensile proper-
ties.
The fabric is elongated along the x1 and x2 axis by the stretch ratios λ1 and λ2 respec-
tively, which introduces three types of forces: the yarn tensions FT1 and FT2, and the
compressive force Fc acting at the contact between the warp and weft yarns.
From Figure 6.5b the following equilibrium equation can be found:
Fc = 2FT1 cos(θ1) = 2FT2 cos(θ2) (6.1)
The elongation of the fabric (λ1 and λ2), introduces an elongation in the individual yarns,
denoted by λy1 and λy2, and a translation of the yarns in the x3 direction given by h1
and h2, see Figure 6.5a. The equation for the elongation ratios of the yarns, along with an
expression for cos(θ1) and cos(θ2), can be found from the geometry seen in Figure 6.5a:
λy1 =
√
4(r1 − h1)2 + (λ1y01)2√
4r21 + y
2
01
(6.2)
λy2 =
√
4(r2 + h2)2 + (λ2y02)2√
4r22 + y
2
02
(6.3)
cos(θ1) =
2(r1 − h1)√
4(r1 − h1)2 + (λ1y01)2
(6.4)
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cos(θ2) =
2(r2 + h2)√
4(r2 + h2)2 + (λ2y02)2
(6.5)
The nonlinear tensile properties of the L-PLA yarns are defined by the following func-
tions:
FT1 = g1(λ1) (6.6)
FT2 = g2(λ2) (6.7)
Inserting equation 6.2 - 6.7 into equation 6.1 gives the following equations for the com-
pressive forces (Fc):
Fc = 2g(λy1)
2(r1 − h1)√
4(r1 − h1)2 + (λ1y01)2
(6.8)
and,
Fc = 2g(λy2)
2(r2 + h2)√
4(r2 + h1)2 + (λ2y02)2
(6.9)
where g1 and g2 are the tensile properties of the warp and weft L-PLA yarns respectively.
The tensile forces in the yarns are given by:
F1 =
1
2
Fc tan(θ1) (6.10)
F2 =
1
2
Fc tan(θ2) (6.11)
Determination of F1 and F2
In order to determine the force elongation relationship of the the weave, the yarns are
first considered not to change in diameter as the fabric is stretched, making h1 = h2. The
yarns are assumed to have the same material properties making g1 = g2 = g. Inserting
the above equations in 6.1 gives:
Fc = 2g(λy1)
2(r1 − h1)√
4(r1 − h1)2 + (λ1y01)2
(6.12)
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Fc = 2g(λy2)
2(r2 + h1)√
4(r2 + h1)2 + (λ2y02)2
(6.13)
From the geometry in Figures 6.3 and 6.5a the following relationships can be found:
tan(θ1) =
λ1y01
2(r1 − h1) (6.14)
tan(θ2) =
λ2y01
2(r2 + h1)
(6.15)
Inserting this into equation 6.10 and 6.11, the tensile forces in the warp and weft yarns
can be defined:
F1 = Fc
λ1y01
4(r1 − h1) (6.16)
F2 = Fc
λ2y01
4(r2 + h1)
(6.17)
By calculating λy1 and λy2 (Equation 6.2 and 6.3), corresponding to different fabric stretch
ratios and values of h1, and using the tensile properties of the L-PLA yarns seen in Figure
6.6, the compressive force Fc versus h1 for each λ1 and λ2 value can be plotted. The result
can be seen in Figure 6.7.
0 5 10 15 20 25 30
0
100
200
300
400
500
600
700
Tensile Properties of the PLLA yarns
Strain
yarn
 [%]
F c
 
[N
]
FIGURE 6.6: The tensile properties of the L-PLA yarns, found from
uniaxial tensile testing.
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FIGURE 6.7: Fc versus h1 for different stretch ratios. Full line depicts
λ1 and stippled line λ2. The intersections are needed for solving the
equilibrium equations for incompressible L-PLA yarns.
When the fabric elongates, the shape of the yarns will change from circles to ellipses. To
account for this change, Kawabata assumes that the compressive force will result in a
change in the thickness of the yarns, but not in the volume, see Figure 6.8. In this case h1
is no longer equal to h2.
FIGURE 6.8: The effect of compression as the fabric and consequently
the individual yarns are stretched.
The compressibility is introduced as a new function Φ(Fc), defined as:
Φ(Fc) =
1
2
(δ1(Fc) + δ2(Fc)) (6.18)
where δ1(Fc) and δ2(Fc) is the decrease (in mm) in the vertical diameter, of the warp
and weft yarns respectively, as a function of the compressive force. This description of
the compressibility of the yarns can be obtained experimentally. This was, however, not
possible in this project, and the function was therefore obtained by modifying the results
that Kawabata found for spun polyester fibre [46]. The change in diameter (Φ(Fc)), was
normalised with respect to the sum of the diameters of the warp and weft polyester yarns:
Φ(F ∗c ) =
Φ(Fc)
2r1 + 2r2
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The compressive force was converted to compressive stress (F ∗c ), assuming a rectangular
contact area between the two yarns, see Figure 6.9:
Contact area between
           yarns 
FIGURE 6.9: Contact area between the warp and weft yarns.
F ∗c =
Fc
4r1r2
This normalization made it possible to obtain a "template" for the compressive data,
which was then fitted to the L-PLA data. The result can be seen in Figure 6.10.
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FIGURE 6.10: Change in width (Φ(Fc)) versus the compressive force
(Fc) for the L-PLA yarns with a radius of 1 mm.
From the geometry seen in Figure 6.5a the following relation can be used to describe h2:
h2 = h1 − Φ(Fc) (6.19)
84 6.2. KAWABATA PLAIN WEAVE MODEL
inserting this into equation 6.9 we get:
Fc = 2g(λy2)
2(r2 + h1 − Φ(Fc))√
4(r2 + h1 − Φ(Fc))2 + (λ2y02)2
(6.20)
Once again, the compressive force Fc versus h1 for each λ1 and λ2 value can be plotted,
and the result of this can be seen in Figure 6.11:
−1 −0.5 0 0.5 1 1.5 2
0
50
100
150
200
250
300
350
F
c
 versus h1
h1 [mm]
F c
 
[N
]
 
 
1
1.005
1.01
1.015
1.02
1.04
1.06
FIGURE 6.11: Fc versus h1 for different stretch ratios. Full line depicts
λ1 and stippled line λ2. The intersections are needed for solving the
equilibrium equations for compressible L-PLA yarns with a radius of 1
mm.
Using the intersections of the curves, h1 and Fc can be found corresponding to any value
of the λ1 and λ2. These values can then be inserted into equation 6.16 and 6.17 to calculate
the tensile forces in the fabric. The tensile force per cm of the fabric is given by:
Ffabric = Fn1max (6.21)
The strain of the fabric is defined as:
1 = (λ1 − 1)100% (6.22)
2 = (λ2 − 1)100% (6.23)
The results of the model of biaxial extension can be seen in section 6.4.
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6.3 Shear Elongation
The shear deformation of the fabric can be divided into two distinct phases: deforma-
tion up until the fabric locks, and deformation after the fabric locks, [84]. During the first
phase, the fabric deforms quite easily at small loads. This can be attributed to the fact that
this phase is mostly dominated by the rotation of the yarns. The shear resistance during
this phase is mainly due to friction between yarns as they rotate. However, since it is as-
sumed that the friction between the yarns is negligible, due to the aqueous environment,
the yarn tension is assumed to be zero up until the fabric locks. The deformation in the
first phase can be determined using the following geometry (Figure 6.12):
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y01/2
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FIGURE 6.12: Illustration of the geometry used to determine the initial
phase of the shear elongation.
As the shearing angle gets closer to the locking angle, the yarns will get into contact with
each other, and they can therefore no longer rotate freely. This will result in an increase
in fabric tension, because the individual yarns are subjected to both tension and com-
pression [106]. After locking there will be an sharp increase in the load due to the tension
building in the yarns [84]. To predict this behaviour the angle at which locking occur must
be predicted. This angle is dependent upon the diameter of the yarns, and the density of
the weave. A small yarn diameter would result in a small locking angle, since a smaller
yarn width would give a smaller contact area between the warp and weft yarns. This
would make the frictional forces less than would be experienced with a thicker yarn. A
higher fabric density, would result in a larger locking angle, since less rotation is possible
before the yarns comes into contact with each other [84]. Prodromou et al [84] have in-
vestigated the relationship between the yarn diameter and the yarn spacing, as it effects
the locking angle. From experimental results they found, that up until locking occurred,
the contact point between the yarns remain relatively constant, meaning there is no yarn
slippage only rotation. They assumed that locking would occur when the distance be-
tween the warp and the weft yarns became zero, and found the following relationship to
give a good prediction of the locking angle:
θL = sin
−1
(
2r1
y01
)
(6.24)
Once again it is assumed that the friction is negligible and that the initial region is dom-
inated by free shear. After locking it is assumed that the the warp and weft yarns will
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experience the same elongation, and the results from the biaxial model can therefore be
used after locking has occurred.
The displacement (L), is calculated as the diagonal of the geometry in Figure 6.12. It is
assumed that λ1 = 1 up until locking occurs.
L =
√(
λ1y01
2
)2
+
(
λ1y02
2
)2
− 2λ1y01
2
λ1y02
2
cos(180− θL) (6.25)
The strain is then defined as:
 =
L− L0
L0
100% (6.26)
The tensile force calculated using equation 6.16 or equation 6.17 is the tensile force expe-
rienced by one cm of the fabric in the direction of the biaxial elongation. Since there is
an angular shift, it is more interesting to look at the resulting force in the direction of the
shear elongation. The resultant force is given by:
Fres = Fwarp cos θL + Fweft cos θL (6.27)
When looking at the resultant force, the density in the direction of elongation will also
change, since the rotation makes the short diagonal between the yarns shorter. Further-
more, the defined fabric density corresponds to the number of yarns ends/cm in the warp
and weft direction, but since the resultant force is not in the direction of the yarns, the
resultant fabric density should also be a representation of the total number of ends in the
direction of elongation. Due to the overlay of yarns at the intersection points, the length
from the center of one intersection point to another, is the space requirement of two yarn
ends in the direction of elongation. The resultant fabric density (nres) is defined as two
times the inverse of this length, see Figure 6.12:
nres =
2√(y01
2
)2
+
(y02
2
)2 − y01y02 cos(θL) (6.28)
The results of the model predicting shear elongation can be seen in the following section.
6.4 Model Results
In the following section the results from the two models are shown. In both models dif-
ferent fabric densities (n) have been used. The fabric density ratios, the corresponding
number of ends/m, and approximate ends/cm used in all models, can be seen in Table
6.1. Furthermore, the notation used for the tensile force (F1 and F2), corresponds to the
tensile force per cm of the fabric, as calculated from equation 6.21.
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TABLE 6.1: Fabric Densities (n)
Density Ratio Fabric Density (n) [ends/m] Fabric Density (n) [ends/cm]
1 289 2.89
0.8 231 2.31
0.6 173 1.73
0.4 115 1.15
6.4.1 Biaxial Elongation Result
In the following section the results of different types of biaxial elongation are shown. If
the weave is positioned, such that the direction of elongation is the same as the direction
of either the warp or the weft yarns, the pull from the femur would most likely dominate.
If this is the case, it can be assumed that the elongation of the fabric in the opposite
direction (weft), can be considered constant. This assumption should be valid up until
the point of contact between the head of the femur part and the weave. The results for
the tensile force in 1 cm of the fabric where the elongation in the warp direction is held
constant (λ2 = 1), and the fabric density is 1.0, is shown in Figure 6.13.
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FIGURE 6.13: Tensile force per cm fabric, during biaxial extension,
when the elongation in the warp direction is held constant (λ2 = 1).
The fabric density is set to 1.0.
From Figure 6.13 it can be seen, that the tensile force in the direction of the elongation
(weft), is much larger than the tensile force in the warp direction. This is what can be
expected, since the tensile force required during elongation, would be larger than the
tensile force required to keep a constant elongation in the opposite direction. Figure 6.14
shows the tensile force where λ2 is once again held constant, but the fabric densities are
varied.
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FIGURE 6.14: Tensile force per cm fabric, during biaxial extension,
when the elongation in the warp direction is held constant (λ2 = 1).
The fabric density is varied (0.4, 0.6, 0.8, 1.0). The tensile force in the
direction of elongation is shown as full lines, whereas the tensile force
in the orthogonal direction is shown as stippled lines.
From Figure 6.14 it can be seen, that varying the fabric density produces very different
results. The initial strain region increases when the fabric density increases. This can be
attributed to the straightening of the structure. Since the resistance in the orthogonal
direction is small, the force required to straighten out the weft yarns will be low. When
the weft yarns are straightened, they will begin experiencing tension, which gives a larger
increase in fabric tension. From the plot it can be seen that the initial strain region lies
between 2-8% depending on the fabric density. In Section 3.1 it was found, that the initial
strain region should be at least 32%, for the device not to reduce the normal range of
movement of a hip implant. This means that in order for the mesh to work in the design,
the weave cannot be positioned, such that the main movement type is biaxial elongation.
6.4.2 Shear Elongation Result
A different type of biaxial elongation was used in the shear model. Here it is assumed
that after locking, the elongation in the two directions is equal. Figure 6.15 shows the
general results of the biaxial elongation with λ1 = λ2, without any shear deformation
present. The results are shown for the four different fabric densities:
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FIGURE 6.15: Tensile force per cm in the fabric, during biaxial ex-
tension, when the elongation in the warp and weft direction is equal
(λ2 = λ1). The fabric density is varied by 0.4, 0.6, 0.8, and 1.0.
Since the weave is completely symmetric in the warp and weft direction, the tensile forces
experienced by 1 cm of fabric in either direction, will be equal (F1 = F2). Once again it
can be seen that a change in fabric density, changes the force elongation relationship
considerably. Comparing the results of Figure 6.15 with the above results for the biaxial
elongation, also show, that the initial strain region is less when the elongation is applied
in both directions. The equal elongation, makes it more difficult to straighten the yarns,
and the fabric will begin to experience tension at a lover strain. The initial strain region,
using this type of elongation, lies between 1% and 5%. The biaxial results shown in Figure
6.15 were used in the shear deformation theory, with a few modifications.
From equation 6.24 the following shear locking angles was found for the four different
densities, see Table 6.2:
TABLE 6.2: Shear locking angles for the different fabric densities.
Density Ratio Locking Angle
1 35◦
0.8 28◦
0.6 20◦
0.4 13◦
It can be seen that the higher the density, gives a larger locking angle, which means that
the yarns in the fabric can rotate less. In Figure 6.16 the tensile force per cm fabric, in the
direction of the yarns, is shown.
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FIGURE 6.16: Tensile force per cm in the fabric, during shear exten-
sion. The calculations are done varying the yarn densities (0.4, 0.6, 0.8,
and 1.0).
Since the direction of elongation is not in the direction of the yarns, the resultant force is
calculated using equations 6.27 and 6.28. The results can be seen in Figure 6.17.
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FIGURE 6.17: Resultant tensile force per cm in the yarns, during shear
extension. The calculations are done using four different fabric densi-
ties (0.4, 0.6, 0.8, and 1.0).
From 6.16 it can be seen, that during shear deformation the initial strain region, needed
to accommodate the range of movements required of the hip dislocation preventer, can
be obtained for all densities. It can also be seen, that the fact that the space between the
individual yarn intersections becomes smaller, due to the shearing of the fabric, the dif-
ference between the different fabric densities is no longer very pronounced. This can be
explained by the fact that the smaller the fabric density, the smaller the shear locking an-
gle. Since all the yarns have the same diameter, the amount of yarns per cm increases.
From the results in the plot, it can also be concluded, that for the implant to have a ring
attachment, the width from the implant to the attachment site, must be around 20 mm.
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An initial strain region above 45%, would be very difficult to obtain using a plain weave.
However if the width can be 20 mm, and the ring solutions is chosen, both the impinge-
ment lock scenario, and the jump lock scenario, would probably be possible. If the de-
vice is attached directly to the femur bone, and locks when the impingement starts, the
mounting point on the acetabular cup would not be as critical, since all three solutions
lie within the possible range. If jump lock is required the width will have to be around 5
mm, since an increase in the width, greatly increases the requirement of the initial strain
region.
The motion of the hip is a cyclic motion, which means that the weave would have to
undergo continuous stretching and relaxing during every day motions. It is therefore
assumed, that the tensile force experienced by the weave should lie within the elastic re-
gion, in order to prevent plastic deformation. The next question that should be answered
is if the strength of the weave is enough to withstand the forces in the hip implant as it
moves into impingement. In order for the device not to fail, the forces must be within
the elastic region, since plastic deformation of the yarns would weaken the implant. The
strength of the device is mostly dependent upon the radius of the yarns. When the radius
is increased, the number of yarns per cm will decrease, but the thickness of the weave
will increase, making the tensile strength of the weave increase. From Figure 6.17 it can
be seen that in order for the devise to stay within the elastic region, the tensile force that
it is subjected to should be in the range of 5-10 kN if the radius of the yarns are 1 mm.
Figure 6.18, show the tensile force versus elongation and the resultant tensile force versus
elongation for a weave, where the radius of the yarns are 0.5 mm.
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FIGURE 6.18: A) Tensile force per cm in the fabric, during shear exten-
sion. The calculations are done using 4 different fabric densities (0.4,
0.6, 0.8, 1.0), and a radius of 0.5 mm. B) Resultant tensile force.
From Figure 6.18 it can be seen that when the radius is 0.5 mm the tensile force that
the fabric can withstand without going into plastic deformation lies between 2-5kN. In
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section 3.1 the tensile forces was calculated to lie between 1700 N and 5000 N. From the
model results it can be seen that using a plain weave with a yarn radius of 0.5-1.0 mm
would be able to withstand the forces generated during dislocation.
6.5 Discussion of Model
Comparing the results found using the modified Kawabata model, with the limits found
during the strain analysis, it can be seen that using a plain weaved mesh, would allow for
the strength and flexibility needed of the hip dislocation preventer. The analysis showed,
that to maintain the full range of motion of the hip, the weave would have to be oriented
in a 45◦ angle to the direction of deformation. The simplicity of the models used in the
analysis, should be taken into account, since the results might be influenced by the as-
sumptions taken. However, the objective was to make a broad analysis of the mechanics
of the problem, and use this to determine if the design was something that should be in-
vestigated further. It was therefore decided that the simple models would be sufficient to
shed light on this, and that more complex models might make it more difficult to interpret
the result, while also making the computations more consuming.
The unit cell proposed by Kawabata et al [Kawabata], is developed to model an orthog-
onal weave. The shape of the unit cells in the implant will not be completely orthogonal,
but slightly skewed due to the cone design. This would probably have an effect on the
locking angle, since the weave would be more dense at the top of the cone, which means
locking would occur earlier than predicted in the orthogonal weave. Furthermore the fact
that the density of the weave would not be the same at the top of the cone compared with
the bottom, would make the bottom part less dense, and thereby provide less restriction
against dislocation. The extent of the error introduced by assuming a orthogonal struc-
ture should be investigated further, once a prototype has been developed. The final result
would be influences by the mounting width, the cone design, and the attachment solu-
tion.
Furthermore, one of the modifications in the model was, that the shear behaviour could
be modelled as frictionless yarn rolling, followed by biaxial elongation, after the locking
angle was reached. In reality the yarn rolling is probably not frictionless, and there would
be some tension build-up, during the initial strain region. This would in turn, create some
resistance during the movement of the hip, but the effect should be minimal. Several
studies have done shear testing of plain weaves, and the results generally show a very
low stress during the initial strain region [M2, M3, 84]. Most of these studies were done
in a dry environment, which would increase the effect of the friction. The yarns tested in
this project are multifilament, but L-PLA could be processed into a monofilament yarn,
which would decrease the friction even further. It is therefore safe to assume that the
friction probably will not have a very large effect on the implant, but this is something
that should be tested further.
From the model the initial strain region was predicted to lie between 35-40 %, which
corresponds well to the results found in the literature. A common way to determine the
shear behaviour of a weave, is to do a picture frame experiment, where the fabric is held
in place by a square frame to ensure equal deformation of the fabric, see Appendix C.
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Using this type of shear test Prodromou et al [84] found an initial strain region of around
37% using glass yarns, Muhammed et al [M2] found it to be around 34% using E-glass
yarns, and Zhu et al [M3] found it to be around 40% using E-glass as well. The yarns in
all three studies were compressed giving them an ellipsoid, and almost completely flat,
cross section which makes it difficult to make a direct comparison to the weave density
used in the modified Kawabata model. However, from the pictures of the test setup it
is evident that they used a very close packed structure, and the results of these stud-
ies, therefore indicate that the initial strain region of a less compact weave, would be at
least the 35% found in this study. Furthermore they found that the initial strain region is
mostly dependent upon the locking angle, which is also the main part of the shear model
developed in this study.
In the biaxial elongation model it was assumed, that the interactions between the yarns
could be considered as pin joints. By assuming this, yarn sliding is not taken into account.
In uniaxial extension this assumption should be valid, since the elongation is in the di-
rection of the yarns. However, when the ball of the hip implant starts pressing against
the weave, there is a possibility that the yarns will move sideways from the pin-joints,
making the weave less dense. The amount of yarn sliding that would occur would be
dependent on the density of the weave, and how close the shearing angle is to the lock-
ing angle. The closer the weave, the more restriction is provided by the weave, making
it more difficult for the implant to penetrate the weave. The closer the shear angle is to
the locking angle, the less the error associated with the yarn sliding after contact with the
ball of the implant becomes. As the shear angle gets closer to the locking angle, the yarns
will be pushed closer together, thereby making the weave more dense. The outwards mo-
tion should be considered further, and taken into account during the development of the
prototype. If yarn sliding is found to be a problem, one solution could be to use knots
in the intersections, which would provide a great deal of stability without affecting the
shear deformation very much. The knots would however have an impact on the biaxial
deformation, and it could weaken the mesh due to the higher stresses in the knots. How-
ever, biaxial elongation is not the main deformation mode so the general function of the
implant should remain intact, and compared to a single line with a knot, the geometry of
the mesh provides a great deal of stability, and distributes the stress onto a much larger
area.
From the models it was concluded that the direction of the weave would have to be
such that the main direction of elongation would be shear elongation, which means that
the rotational aspect of the implant was not taken into account. If the ring attachment
solution is used there might be more flexibility in the mesh, due to the free movement
of the ring around the femur stem. However rotation of the hip is not a very large part
of the overall range of movement of the hip, and therefore taking it into account might
not be very important. If the main movement is in the shear direction, and rotation occur
it would be considered biaxial elongation, and from the results it can be seen that even
biaxial elongation can give an initial strain region of around 5% before the tension would
begin to develop in the fabric. So even if some rotation occur the fabric would probably
be able to extend without straining the yarns beyond the elastic region. However, if such
extension should occur the results from the material tests show that the yarns can be
stretched up till about 25% before failure. This means that even if the devise is stretched
beyond capacity, it would take a lot for it to fail completely.
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Some of the input parameters used in Kawabata’s model were not obtainable in this
study, and further assumption therefore had to be made. The compressibility was de-
fined by fitting the results found by Kawabata for polyester yarns, to the L-PLA yarns.
The compressibility plays a very large role in the initial strain region of the biaxial theory,
and not having the correct results does limit the results. The error that could come from
the compressibility alone, however, could probably not increase the initial strain enough
to make the biaxial elongation position a suitable solution. In the shear theory, most of
the initial strain region comes from the frictionless yarn rotation up until the locking an-
gle. The results from previous studies investigating the tensile properties of plain weave
fabrics show, that shortly after the locking angle have been reached, the yarns will lock,
and the tension will increase rapidly. This means, that the compressibility of the yarns
might not be as important as the locking angle, with respect to the initial strain region
during shear deformation.
The locking angle used in the shear model was calculated to be between 13◦ and 35◦,
depending on the weave density. Prodromon et al [84] found a locking angle of approxi-
mately 23◦ for the plain weave, and Zhu et al [M3] found a locking angle of around 25%.
As mentioned above it is difficult to make direct comparisons between these studies, and
the results found in this project due to the density of the weave. The images of the test
setup in these experiments does however, indicate that they used a rather tight weave.
If this is the case, their results corresponds very well to the ones found in this project.
Both studies found, that the locking angle was greatly effected by wrinkling of the fabric
when the yarns reach their compressive limit [M3]. This phenomenon is however, not
likely to affect the implant, since the idea is to use a low dense weave, making it more
of a mesh than a fabric. From the strain analysis it was found, that somewhat high initial
strains would be required to sustain the normal range of motion of the hip, but the fact
that results using a tight weave find locking angles of approximately 20%, makes it fair
to assume that the calculated locking angles are valid, and that the initial strain region
calculated using the modified shear model is a good approximation. Furthermore, in the
modification of the model it was also assumed that there is no friction between the yarns
due to the viscous environment. The experiments done in the past have all been done
on dry fabric, which would probably have a limiting effect on the initial strain region.
These experiments generally show that the load up until locking is low, which would
indicate, that since the friction would inevitably become less when the fabric is inserted
into a viscous environment, then the initial load would be even less. So assuming that the
load would be negligible during the initial straining during shear elongation, should be
a reasonable assumption.
6.6 Summary
The mechanical properties of a plain weave L-PLA mesh was analysed using a modifica-
tion of a model proposed by Kawabate et al in 1973. The results found using the model
and the limits found during the strain analysis, showed that in order to maintain the full
range of motion of the hip, the weave would have to be oriented in a 45◦ angle to the
direction of deformation. From the model the initial strain region was predicted to lie
between 35-40 %, and the tensile force that the fabric can withstand, without going into
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plastic deformation was between 2000-5000 N. From the analysis and the material tests it
was found that using a plain weaved L-PLA mesh the strength and flexibility needed of
the hip dislocation preventer would be attainable.
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Chapter7
Conclusion and Outlook
The overall purpose of this Ph.D. study was to investigate the possibility and require-
ments of a implantable hip dislocation preventer. The dissertation objective is pursued
through three research areas, each with a different purpose. First the general require-
ments, and design possibilities of an implantable hip dislocation preventer was investi-
gated using a 2D geometrical model. Secondly a degradation study concerning the gen-
eral tensile and viscoelastic properties of poly-L-lactic acid (L-PLA) was conducted, to
determine if the material would be suitable in the implant. Lastly the plain weave struc-
ture chosen for the devise was investigated using a model proposed by Kawabata et al,
modified to fit the general requirements of the devise.
The analysis into the general requirements of the hip dislocations was done using two
different attachment solutions and two different locking solutions. The results showed
that in order for the device not to limit the range of motion of the hip, relative to the
hip implant, the initial strain region would have to lie between 30-90%. Furthermore,
the results showed that the mesh should be able to withstand loads between 1700 N
and 5000 N. If the devise is designed to allowing the hip some degree of subluxation, the
range of movement of the hip would be increased by approximately 15-19◦, relative to the
solution without subluxation. However, this also increases the requirements of the initial
strain region by 8-13%. The overall conclusion to the analysis was, that both attachment
solutions and locking scenarios were theoretically possible, and that the development of
a prototype would be necessary, in order to determine which solution would be the most
optimal.
The L-PLA yarns intended for the devise was characterized using uniaxial tensile tests
at two different deformation rates, stress relaxation tests, and creep tests. The yarns were
degraded in vitro in phosphate buffered saline, and tested each month to determine if
the degradation had an effect on the properties. The elastic modulus and the yield stress
remain relatively constant at both deformation rates. The elastic modulus was found to
lie between 2.4 GPa and 3.3 GPa for the slow deformation rate, and 2.2 GPa and 2.8
GPa for the fast deformation rate. The yield stress was found to lie between 41-47 MPa
for the low deformation rate, and between 47-53 MPa for the high deformation rate. The
deformations rates was found to have a significant effect on the yield stress, but not on the
elastic modulus. This corresponds well to earlier studies, where it has been shown that
the yield stress is highly dependent on the strain rate and the temperature, but the elastic
modulus only depends on the temperature. The device would most likely be exposed to
much higher strain rates than what was used in this study, and the strain rate dependency
is something that should be investigated further.
Both the stress relaxation and the creep test show that there is a change in the material
in the initial degradation period, and the results could indicate that the material expe-
riences less relaxation, and creep a month after the in vitro degradation period. This
would be beneficial with regards to the implant, since the first few months are the pe-
riod where the dislocation happens most easily, and a large creep or stress relaxation
response, could mean that the material deforms too much under constant elongation or
load, which would make it easier to dislocate. However, the time dependent tests were
generally very vulnerable to the general setup which, and the results were highly effected
by this. Overall, the large variation in the data, generally makes it difficult to draw strong
conclusions and further testing might be needed to determine if the small fluctuations
in the material properties are actually a property of the material. However, the general
conclusion of the material characterization, is that the L-PLA yarns would be functional,
throughout the critical time period in the implant.
The tensile properties of the L-PLA yarns were used to analyse, how a plain weave mesh
would behave during different types of elongations. Comparing the results found using
the modefied plain weave model, with the limits found during the strain analysis, it can
be concluded that in order to maintain the full range of motion of the hip, the weave
would have to be oriented in a 45◦ angle to the direction of deformation. The initial strain
region was predicted to lie between 35-40%, and the tensile force that the fabric can with-
stand, without going into plastic deformation was between 2000-5000 N. Furthermore,
it was concluded that despite the simplicity of the models, the results did give a good
enough prediction of the mechanical properties of a plain weave mesh. From the analysis
and the material tests it was found that using a plain weaved L-PLA mesh, the strength
and flexibility needed of the hip dislocation preventer would be attainable.
7.1 Future Perspectives
From the results found in this thesis it is suggested that the following areas are investi-
gated further:
• This thesis only dealt with the general biomaterial- and biomechanics of the prob-
lem, and the in vivo aspect of the problem was not take into account concerning the
possibility of using an implantable mesh. This is therefore something that would
have to be investigated further, using animal studies.
• A larger study of the material should be conducted in order to get more conclusive
results. The study should be conducted over a longer time period than 6 months,
and more specimens should be tested at each time point.
• A prototype should be developed and tested, in order to investigate how much the
assumptions made during the analysis, influences the final result.
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Tensile Results
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FIGURE A.1: Plots showing all the results at zero months at two dif-
ferent deformation rates. A) 0.1 mm/s B) 1 mm/s.
108
0 5 10 15 20 25 30 35
0
20
40
60
80
100
120
140
Strain [%]
St
re
ss
 [M
pa
]
1 Month − 0.1mm/s − Mean Representative of plots
 
 
Test1
Test2
Test3
Test4
Mean Rep Curve
(A)
0 5 10 15 20 25 30 35 40
0
20
40
60
80
100
120
140
Strain [%]
St
re
ss
 [M
pa
]
1 month − 1mm/s − Mean Representative of plots
 
 
Test1
Test2
Test3
Test4
Mean Rep Curve
(B)
FIGURE A.2: Plots showing all the results at 1 month at two different
deformation rates. A) 0.1 mm/s B) 1 mm/s.
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FIGURE A.3: Plots showing all the results at 2 months at two different
deformation rates. A) 0.1 mm/s B) 1 mm/s.
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FIGURE A.4: Plots showing all the results at 3 months at two different
deformation rates. A) 0.1 mm/s B) 1 mm/s.
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FIGURE A.5: Plots showing all the results at 4 months at two different
deformation rates. A) 0.1 mm/s B) 1 mm/s
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FIGURE A.6: Plots showing all the results at 5 months at two different
deformation rates. A) 0.1 mm/s B) 1 mm/s.
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FIGURE A.7: Plots showing all the results at zero months at two dif-
ferent deformation rates. A) 0.1 mm/s B) 1 mm/s.
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Viscoelastic Results
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FIGURE B.1: Plots showing the viscoelastic results for month 0. A)
Stress Relaxation B) Creep.
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FIGURE B.2: Plots showing the viscoelastic results for month 1. A)
Stress Relaxation B) Creep.
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FIGURE B.3: Plots showing the viscoelastic results for month 2. A)
Stress Relaxation B) Creep.
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FIGURE B.4: Plots showing the viscoelastic results for month 3. A)
Stress Relaxation B) Creep.
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FIGURE B.5: Plots showing the viscoelastic results for month 4. A)
Stress Relaxation B) Creep.
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FIGURE B.6: Plots showing the viscoelastic results for month 5. A)
Stress Relaxation B) Creep.
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FIGURE B.7: Plots showing the viscoelastic results for month 6. A)
Stress Relaxation B) Creep.
AppendixC
116
Picture Frame Setup
FIGURE C.1: Picture frame construct
for testing shear deformation in fabrics.
http://www.emi.fraunhofer.de/geschaeftsfelder/verkehr/technische-
textilien-fuer-schutzanwendungen/
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HIP DISLOCATION PREVENTER
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ABSTRACT: Early dislocation is a very common common complication after total hip arthroplasty. The incidence of  
early dislocation is approximately 3-5% but numbers as high as 15% have been reported. The Hip Dislocation Preventer 
is  designed  to  prevent  these  early  dislocations  by  constricting  the  extreme  movements  while  still  allowing  full  
movement of the hip. Since early dislocations are only a problem during the first 6 months the implant should be made  
from a biodegradable material which will dissolve after 3-6 months, thereby enabling the joint to gradually become  
stronger. Preliminary models of the problem show that in order to get the biomechanical function needed the general  
structure of the device should be a meshed cone. The larger part of the cone should be attached to the acetabular cup 
and smaller part to the femur bone with biodegradable anchors. Using a braided structure will allow for the amount of  
strain needed to make normal hip movement possible.
KEYWORDS: Total Hip Arthroplasty, Dislocation Preventer, Implant 
1 INTRODUCTION 
The  Hip  Dislocation  preventer  is  designed  to  prevent 
dislocation  of  the  hip  after  a  total  hip  arthroplasty. 
During  a  hip  arthroplasty  the  hip  joint  is  surgically 
replaced by an artificial prosthesis. This is a surgery that 
has  greatly  improved  the  life  quality  of  the  patients 
suffering  from osteoarthritis  in  the  hip  joint.  In  most 
Western  Countries  between  0.5-1%  of  the  population 
will  require  hip  joint  surgery  at  some  point. 
Approximately  3-5%  of  these  patients  experience  an 
undesired dislocation at  some stage – even up to 15% 
has  been  reported,  [1,2,3].  In  the  normal  hip  joint  a 
combination of many different structures help stabilizing 
the  joint,  including  muscles,  ligaments,  and  the  bone 
structure of  the joint.  When a total  hip arthroplasty is 
performed  some  of  these  stabilizers  are  lost  or 
weakened, which makes the joint  less stable and more 
prone to dislocate or luxate, [4]. The lack of stability in 
the  hip  joint  together  with  movements  to  extreme 
positions is the reason why the majority (approximately 
60-70%) of dislocations occurs within the first 3 months, 
[5,  6].  When  the  hip  prosthesis  dislocates  it  must  be 
repositioned, which is performed under anaesthesia. This 
considering the average age of the patients undergoing 
total hip arthroplasty will of course propose a certain risk 
to the patients health. The current preventative strategy 
includes guiding the patient as to which movements to 
avoid  to  best  avoid  these  complications.  These 
restrictions  regarding  movements  are  to  be  followed 
during  standing,  walking,  sitting,  or  sleeping [4].  The 
goal  of  the  Hip  Dislocation  Preventer  is  to  prevent 
dislocations of the hip during the crucial first six months, 
while still  allowing full  hip movement.  By making an 
implantable device dislocation can be prevented without 
the patients having to consider which movements should 
be avoided. 
2 IDEA
The idea behind the hip dislocation preventer is a design 
that  allows  for  easy  adaptation  to  most  types  of  hip 
prosthesis  without  changing  the  basic  design  of  the 
present prosthesis. It should be easily mountable, put a 
restrain  on  the  movement  of  the  hip  prosthesis  as  it 
moves into extreme positions, without reducing the angle 
of movement relative to the hip prosthesis. It should be 
made of a biodegradable material that will dissolve after 
3-6 months when the joint is strong enough to prevent 
dislocation by itself.
3 BIOMECHANICS
Due  to  the  large  range  of  motions  needed  to  ensure 
normal hip movement, the structure of the device should 
be highly elastic up until a certain point after which the 
material should lock and start carrying strain. After a hip 
arthroplasty  the  patient  is  told  to  avoid  certain 
movements to ensure that the new hip does not dislocate. 
One of the main consideration is that the angle between 
the femur and the pelvis should always be more than 90 
Degrees.  This means that the material should be able to 
____________________
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elongate without carrying stress up until approximately 
90 Degrees from the neutral position, at which point the 
stress should increase rapidly to prevent dislocation. A 
stress  strain characteristic  where there is  no almost no 
initial  stress  increase  corresponding  to  an  increase  in 
strain  is  called  a  “toe-region”,  and  it  is  very 
characteristic  of  ligaments,  tendons  and  other 
collagenous  structures.  The  “toe-region”  in  these 
structures are generally much less, approximately 3-4%, 
than the “toe-region” needed in the devise, [7]. The first 
design attempt is made to limit the chance of dislocation 
during flexion and extension, but further investigations 
will  be made as  to  secure the hip in  rotation as well.  
Rotation can be seen when crossing the legs in a sitting 
or lying position.
 
4 MATERIAL CONSIDERATIONS
Most  dislocations  after  total  hip  arthroplasties  happen 
during the first six months after surgery and therefore it 
would  be  highly  beneficial  to  use  a  biodegradable 
material.  The material  used should have a degradation 
profile matching the strengthening of the musculature in 
the hip during rehabilitation, and it is desired that it will 
slowly  dissolve  by  the  time  the  muscles  are  strong 
enough  to  support  and  stabilize  the  joint  alone.  The 
gradual  strength  degradation  allows  for  optimal 
strengthening of the natural stabilizing structures in the 
joint. Besides the biodegradability the material should be 
biocompatible  and  readily  available  such  that  the 
production of the device will be within reason. Using the 
strength degradation time as the major deciding point it 
was decided that Poly-L-Lactid acid (PLLA) would be a 
suitable  option.  PLLA  has  a  yield  stress  of 
approximately 45-145 MPa, and elastic modulus of 2.7-
4.0 GPa, and a strength degradation time of 6-12 months, 
[8,9,10].  PLLA is  biocompatible  and  is  already  being 
used  by  et  self  or  copolymerized  with  other 
biodegradable  polymers  in  several  different  medical 
devises.  In  order  to   determine  how  much  of  the 
biomechanics considerations could be met by the PLLA 
yarns alone, a thorough characterization of the material 
was carried out at the laboratories at DTU Wind Energy. 
The basic material  parameters were investigated  using 
uniaxial  tensile  test  where  the  yarns  were  pulled  to 
failure. These test were performed using servo controlled 
testing machines with a 250 N load cell, and the strain 
measurements were done with a laser extensometer. All 
data  sampling  was  done  with  Wavematrix  (Instron®), 
and  the  data  processing  was  done  with  the  numerical 
package Matlab©. The uniaxial tensile test was done at a 
loading rate of 0.1 mm/s. Each specimen was subjected 
to three preconditioning cycles, where they were pulled 
to 15 N and the relaxed to 2 N. After the last cycle the 
specimen  was  pulled  until  failure.  Results  from  an 
uniaxial tensile test of PLLA yarns are shown in Figure 
1.
Disregarding the preconditioning cycles Figure 1 shows 
that even though the PLLA exhibit  some “toe-region”, 
approximately 3 %, this is not adequate alone to get the 
elongation properties needed for the device. Furthermore 
the stress strain relationship showed an elastic modulus 
of 3.2 GPa and a yield stress of approximately 60.1 MPa, 
which corresponds very well to the values found in the 
literature. In order to determine how much the material 
will  have  to  withstand  during  normal  motion,  further 
investigations will be carried out. The general conclusion 
from these results, disregarding the strength and stiffness 
of  the  material  is  the  same,  the  material  itself  is  not 
enough to get the right properties.
 
5 STRUCTURE 
In order to make a devise that is easily mountable the 
general structure of the hip dislocation preventer should 
be shaped like a cone. The larger part of the cone should 
be  attached  with  biodegradable  staples  around  the 
modified acetabular cup and the smaller end should be 
attached in the same way around the modified femoral 
stem. Using this mounting system and overall structure 
allows for a device that is separate and independent from 
the hip prosthesis. In order to get the characteristic “toe-
region” needed to have the amount of elongation needed 
for the devise specifications, a mesh like structure will 
be needed. The general design idea can be seen in Figure 
2:
____________________
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Figure 1: Stress versus strain for PLLA fibres.
Earlier  studies  have  investigated  the  mechanics  of 
braided  meshes  as  it  relates  to  fabric  design.  These 
studies have shown that the stress strain relationship of 
these  braids  show  the  characteristic  “toe-region”,  and 
that the length of this “toe-region” will be dependent in 
particular on the direction of the force, but also on the 
weave itself, [11]. Making the mesh angled in the force 
direction  will  provide  a  larger  “toe-region  due  to  the 
sliding of the yarns in a scissor like manner. But even a 
orthogonal mesh would be able to provide a large “toe-
region”  if  it  was  optimized  with  respect  to  the  yarn 
density  and  the  diameter  of  the  weft  and  warp  yarns. 
The optimal structure of the mesh, concerning direction, 
density, design and thickness of the yarns are yet to be 
determined.
6 IMPLANTATION
As mentioned above the hip dislocation preventer should 
be easily mountable and only prolong the surgery by a 
short amount of time. Mounting it directly to the bone on 
both the acetabular cup and the femur bone will result in 
the least  amount of interference with the him implant. 
This in turn will limit possible complications that could 
result from changing the original implant, and also make 
the mounting itself less complicated. 
Using biodegradable pins further  ensures  that  the long 
term biocompatibility issues of the device will not lead 
to complications. 
7 CONCLUSION
The device outlined in the above paper, while patented, 
is  still  on the drawing board. The current treatment of 
these early dislocations call for a better solution. Using 
an implantable devise instead of guidelines and external 
devices would help in the treatment of the patients who 
are  not  able  to  meet  these  guidelines.  Further 
investigations must  be carried out concerning  both the 
material and the design before the final product is ready.
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INTRODUCTION
Early  dislocation  is  a  very  common complication 
after  total  hip  arthroplasty.  In  most  Western 
Countries  between  0.5  and  1% of  the  population 
will require hip joint surgery at some point,  out of 
these  approximately  3-5%  will  experience  early 
dislocation,  [1].  The  intention  of  the  Hip 
Dislocation  Preventer  is  to  prevent  these  early 
dislocations by constricting the extreme movements 
while  still  allowing normal  movement  of  the  hip. 
The lack of stability in the hip joint after the surgery 
together with movements to extreme positions is the 
reason why the majority (approximately 60-70%) of 
dislocations  occurs  within the  first  3  months,  [2]. 
The current preventative strategy includes guiding 
the patient as to which movements to avoid, and in 
certain  cases  equip the patient  with a  type  of  hip 
dislocation brace. The goal of the Hip Dislocation 
Preventer is to prevent dislocations of the hip during 
the crucial first six months, while still allowing full 
hip movement. 
METHODS
Since dislocation mainly happen during the first 3-6 
months,  it  would  be  highly  beneficial  to  use  a 
biodegradable material  for the design.  In deciding 
which material to use the most important material 
characteristics  were  a  long  strength  degradation 
time  (>  6  months),  biocompatibility,  and  easy 
availability. From these requirements Poly-L-Lactid 
acid (PLLA) was chosen as a suitable material. 
Due to the large range of motions needed to ensure 
normal  hip movement,  the structure of the device 
should be highly elastic up until a certain point after 
which  the material  should lock  and start  carrying 
stress.  One  of  the  main  consideration  is  that  the 
angle  between  the  femur  and  the  pelvis  should 
always  be  more  than  90  Degrees.  In  order  to 
determine the length of the “toe-region” required a 
simple geometrical  1D model  was developed,  see 
Figure1. The general shape of the devise will be a 
cone,  where  the  large  part  is  attached  with 
biodegradable  staples  around  the  modified 
acetabular  cup  and  the  smaller  end  around  the 
modified femoral stem. Using this setup the devise 
will  have a certain amount of slack at the neutral 
position  (L0),  and  start  to  feel  a  stretch  after 
approximately 30 Degrees (L1). The toe-region was 
assumed  to  end  at  the  angle  corresponding  to 
flexion, approximately 90 Degrees from the neutral 
position. 
General tensile tests were performed on PLLA yarns 
in order to determine the size of the toe-region and 
the material parameters of the material. Furthermore 
since  earlier  studies  have  shown  that  the  stress 
strain  relationship  of  a  braided  mesh  exhibit  the 
characteristic toe-region, and that the length of the 
toe-region  will  be  dependent  in  particular  on  the 
direction of the force, but also on the weave itself, 
[3].  The  use  of  a  braided  mesh  structure  was 
investigated  using  the  uniaxial  tensile  model 
developed by Kawabata et al, [3].
Figure 1: Model Used to determine the required  
length of the toe region.
RESULTS AND DISCUSSION
Figure 2 shows the results of the 1D geometrical 
model. 
In Figure 2 the dashed lines show the required toe-
region using different mounting distances (varying 
h  (height  on  the  stem)  and  w  (width  on  the 
acetabular cup)). These results show that to ensure 
normal hip movement the length of the toe-region 
would  have  to  be  around  40%  strain,  and  will 
depend on the mounting distances.
Figure 3 shows the stress versus strain relationship 
for PLLA yarn. From the plot it is obvious that the 
required toe region can not be achieved using the 
material alone. 
Using  the  uniaxial  tensile  model  developed  by 
Kawabata  in  1973,  along  with  the  material 
properties  seen  in  Figure  3,  the  toe-region  for 
varying yarn thicknes relationships in the warp and 
weft direction was calculated,  and can be seen in 
Figure 4.
It  can be seen that by having a large ratio  of the 
warp to weft diameter a toe-region of approximately 
40% strain can be obtained. The ratio between the 
yarn diameter of the two directions would have to 
be between at  least 10. A ratio of this  size would 
ensure normal hip movement, but it would result in 
a general weakness of the mesh since the threads in 
the inferior direction would be thinner and therefore 
weaker.  As  mentioned  before  these  results  were 
generated  for  uniaxial  force,  but  using  a  model 
depicting  shear  force  instead  would  increase  the 
length  of  the  toe-region  without  having  to  use 
different  warp  and  weft  diameters.  Further 
investigations into this need to be carried out. 
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Figure 2: Strain versus angle used to determine the length  
requirement for the toe-region.
Figure 3: Stress versus strain for PLLA yarn. 
Figure 4: Toe-region obtained by using a simple braided  
structure with varying weft and warp diameter. 
